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INTRODUCTION 
Atomic spectroscopy is a branch of science deals with the study of 
electromagnetic radiation, has been utilized and developed to explore atomic physics. 
Spectroscopy is of prime importance for the structure determination of matter and 
basis for quantum physics, relativistic physics, and quantum electrodynamics. The 
birth of spectroscopy begins in 1666 with the discovery by Newton that sunlight split 
into various colors with the passage through prism. In 1814, the next important 
landmark was achieved by Fraunhofer who found that the so-called continuous 
spectrum of Sun discovered by Newton is actually riddled with numerous dark lines, 
which are now known as Fraunhofer dark lines. Later, in 1853 Ångström showed that 
“some of the lines in the spectrum of an electric spark come from the metal electrodes 
and others from the gas between them” [1]. Kirchoff and Bunsen came up with the 
explanation of the dark lines observed and explained that Sun is very hot and emits 
radiation at all frequencies resulting in a continuous spectrum. The dark lines in the 
spectra of Sun or star give us the knowledge of atoms present in the outer atmosphere 
of these objects. Saha put it as: “Besides spectrum analysis, Kirchhoff’s great work 
gave birth to the present science of Astrophysics, or the Physics of Sun and heavenly 
bodies.”  
Balmer connected the visible region of Hydrogen spectrum with a formula: 
 
 
     
 
  
 
 
 
  
where λ is wavelength, R is constant, n is integer. The Balmer formula was 
applicable only to single-electron atoms. In 1889, Rydberg showed extended Balmer 
formula to describe wide classes of complex atoms.  
 
 
     
 
   
 
 
   
  
Where λ is wavelength, R is Rydberg constant, n1 and n2 are integers with 
n2>n1. The complex series of lines arising due to more complex atoms could not be 
explained by Rydberg series method.  Moreover the  classical picture unable to 
explain the two process like black body radiation and the spectral lines observed in 
flames/arcs/sparks/electrical discharges or the from astronomical objects originated 
from spectroscopic observations. Planck in 1900 develop an equation for the spectral 
distribution of black body radiation by introducing the concepts of quantization of 
energy. Later Niels Bohr gave a unified theory for Hydrogen atom with the help of 
Introduction 
 
2 
 
Balmer equation which introduced quantum theory. The spectra with multi electron 
can’t be explained by simple Rydberg Ritz combination. It was not until Bohr’s 
theory of the hydrogen atom in 1913 that hydrogen’s spectrum could be explained on 
theoretical grounds (by proposing that angular momentum, like energy, can also be 
quantized). However, Bohr’s explanation was limited, and incorrect in some of its 
details. During1920s, a satisfactory theoretical framework for spectroscopy was 
developed by the development of quantum mechanics. By then, spectroscopy using 
different regions of the electromagnetic spectrum was showing that energy levels of 
atoms were even more complex than was initially realized. But, quantum mechanics 
could still be used to explain the increasingly complex picture of atomic behaviour. 
Spectroscopy, then, was not only integral in the development of quantum mechanics, 
still our best theory of atomic and molecular behaviour to date, but is inherently a 
quantum-mechanically based phenomenon. 
Today powerful computers and computing methods allow the detailed study of energy 
level structure and transition probabilities to be calculated with much accuracy. 
Spectroscopic analysis/methods have wide application in various field of research. 
Monitoring of manifestation (composition and chemistry) of the earth and changes 
caused by human actions made possible because of the structure of the atoms and 
their physical behaviour applying spectroscopy.  
Astronomical spectroscopy has evolved constantly ever since Fraunhofer 
observation of solar line spectrum. Observations from high altitude rockets and 
satellites have opened the UV region for astronomical research, and the need for 
spectroscopic data to interpret the observation has led to a boom also for laboratory 
spectroscopy.  
It is not only wavelengths and transition probabilities that are used for deriving 
information about astrophysical plasmas from the spectroscopic observations-the line 
profile provide information, such as temperature, density, turbulence and stellar 
rotation, about the physical environment of the emitting or absorbing atoms. These 
applications in plasma physics have further increased the demand for spectroscopic 
data and development of new spectroscopic techniques. 
Selenium (Se) was discovered by Jöns Jacob Berzelius at Stockholm in 1817 
and placed in 16
th
 group and 4
th
 period of periodic table and belongs to the category of 
trans-iron elements. The electronic configuration for neutral selenium (Z=34) can be 
written as [Ar] 3d
10
4s
2
4p
4
.  
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The present work presents the spectral information, energy levels, 
wavelengths, and intensities of lines of selenium ions (Se II-V).  The majority of the 
reported atomic energy level values used in the present analysis were taken from the 
National Institute of Standards and Technology (NIST) online database [2]. This 
database is a compilation of the most up-to-date, critically-evaluated data from both 
theory and experiment for atomic energy levels, wavelengths and transition 
probabilities. For each ion in the database, NIST includes a complete bibliography of 
the source data. The NIST references for the ions of this thesis corroborate the fact 
that trans-iron elements have not received much recent attention. This may again be 
due in part to their absence in astrophysical spectra. For example, the NIST source 
data for Se II is largely based on a hollow cathode discharge measurement by D.C 
Martin and reported in 1935 [3]. Spectroscopic measurements for Se III by Rao and 
Murti [4] were last published in a peer-reviewed journal in 1934. Measurements of Se 
IV were reported by Rao and Badami in [5]and later measured in a θ-pinch discharge 
by Gautam and Joshi in 1972 [6]. Similarly, the spectrum of Se V were measured by 
Sawyer and Humphreys in 1929 [7] and by Joshi and van Kleef [8] and Churilov and 
Joshi [9] in 1995. In contrast to trans-iron group elements, Iron was studied 
extensively due to its astrophysical and technological needs and application and NIST 
bibliography includes at least 40 entries as recent as 2015 on Fe II. Now with the 
development of high computing facility and high resolution instruments, selenium is 
found to be among the astrophysically important element and also as cancer treating 
element. Recently, Roederer and Lawler [10] detected neutral arsenic (As, Z=33) and 
selenium (Se, Z=34) in the metal-poor halo star HD 160617 using a high resolution 
UV spectrum obtained with the Space Telescope Imaging Spectrograph (STIS) on 
board the Hubble Space Telescope (HST).  
The Selenium ions have not been identified so far in stellar spectra, one of the 
obvious reasons being the lack of data specifically on oscillator strength. Also the 
transition probabilities of heavy elements are of great importance in astrophysical and 
laboratory sources. Thus it is highly desirable to have as complete a dataset of 
radiative transition probabilities as possible. This lack of radiative data on ionized 
selenium motivated us take selenium spectra (Se II-V) for comprehensive spectral 
analyses of singly to five times ionized selenium ions (Se II–V) on the basis of the 
wavelengths measurement taken on a 3-m normal incidence vacuum ultraviolet 
spectrograph (300–2080Å) and high resolution spectra from NIST 2-m FTS and FT-
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700 FTS covering wavelength region of 2400 Å to 15000 Å.  The atomic structure 
theory along with and atomic structure code (Cowan code) are given in Chapter 1. 
The instruments used to record the selenium spectra along with the method of spectral 
recording and wavelength calibrations are provided in Chapter 2. The analyses of Se 
II–V are given in detail in Chapter 4–7 respectively. The next chapter is the research 
work undertaken at Ohio State University under Obama-Singh Science Technology 
Engineering and Mathematics & Education and Research (STEM-ER) Program, a 
joint partnership between Aligarh Muslim University, India and The Ohio State 
University, USA. Under this progamme, STEM-ER fellow will be awarded with a 
dual degree: M.Ed. from The Ohio State University and Ph.D. from Aligarh Muslim 
University, Aligarh. The work under done at OSU includes the theoretical radiative 
and collisional data on eight-time ionized silicon atom (Si IX) using Briet-Pauli R 
matrix method. The conclusion of the thesis is provided in the end along with the 
sample spectrograms of selenium. 
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Chapter 1  
Theoretical Background on Atomic Structure Theory and 
Calculations 
 
This chapter deals with the physics that provide the atomic data based on the 
Cowan’s code [1]. The energy states of many-electron atoms, transition probability, 
oscillator strength, etc. are computed using Cowan’s code [1]which works on the 
formalism of Hartree-Fock (HF) method. The Hartree-Fock method is the result of the 
work which was done during the period 1927-1935 by many prominent physicists 
which includes D. R. Hartree, J. C. Slater, J.A. Gaunt, and V. A. Fock [2]. A brief 
description of HF method, self-consistent field method, the calculation of atomic 
energy levels and the configuration-interaction (CI) method are given along with a 
description of the Cowan's computer code (RCN, RCN2, RCG) and the least square 
parametric fitting of the energy integrals (RCE) are presented in this chapter. Detailed 
accounts of these calculations are given in Ref. [1, 3, 4, 5, 6, 7, 8, 9]. 
1.1 Introduction 
The theoretical model proposed by Neils Bohr in 1913 to describe the 
hydrogen spectrum is of great importance in the development of atomic theory. The 
theory developed by Bohr and Sommerfeld enables the calculation of energy levels, 
transition wavelengths and series limits for hydrogen (H) or hydrogen-like (H-like) 
ions but having its own limitations. The fine structure that can be observed in H or H-
like spectra cannot be explained by the Bohr’s model and is also inadequate to deal 
with the spectra arising due to complex atoms/ions. With the birth of quantum 
mechanics, the theory of electronic structure for atoms/ions has progressed 
significantly in terms of the number of phenomena explained and the sophistication of 
calculations. The fundamental theory relevant to the classification of atomic states and 
spectral transitions was outlined in 1929 by Slater [10], and later being expanded in 
the classic text by Condon and Shortley.  
Quantum-mechanical treatment of atoms/ions/molecules, including relativistic 
effects provides full understanding and generally a reasonably good qualitative 
description of their energy level structures over a wide range of energies [11]. The 
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exact solution of Schrödinger equation is possible for one electron system (Hydrogen 
or Hydrogen- like), whereas it can’t be solved exactly for atoms/ions with two or 
more electrons. The solution for one electron (H or H-like) system is qualitatively in 
close agreement, but in order to account for the fine structure details observed in an 
accurate measurement, it is necessary to include the relativistic and quantum 
electrodynamic effects [11]. But quantum mechanical treatment cannot provide the 
exact solution even for two electron system as it constitutes a three-body problem; 
nevertheless, a similar agreement with observations can be reached with appropriate 
approximations and computational techniques. Therefore, the theoretical treatment for 
complex systems (multi-electron system) becomes more difficult and one needs to 
look for satisfactory approximations to solve the Schrödinger equation.   
1.2      Complex Atoms 
The Hamiltonian for a single particle of mass m moving in an electrostatic 
field of the (stationary) nucleus with potential energy V(r) is 
V
m
H  2
2
2

         1-1 
The Schrödinger equation is:  EH      1-2 
Let us go to dimensionless variable arr
a
r
r     1-3 
Where   is the Bohr radius 
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
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    1-4 
where, 

)(
2
)(
2
2
rV
ma
rV

 Dimensionless potential in units of Rydberg. 
and,  E
ma
E
2
2
2

 Dimensionless energy in units of Rydberg energy. 
   ErV )(2          1-5 
If we take ),(
1
),()( 

 PY
r
YrR  we get 
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The potential
r
Ze
rV
2
)(   takes the form rZ
mar
Ze
rV  2
2
)(
2
22 
 in the 
dimensionless variable.  
Theoretical treatment of an atom with N electrons (N>1) requires the 
knowledge of a suitable Hamiltonian operator, which can be achieved by summing 
the one-electron operator over all N electrons, and adding a term for electrostatic 
Coulomb interaction among the electrons: 
 







 i
iii
N
ji ij
N
i i
r
Slr
r
e
r
Ze
m
H
i
).)((
2
(
1
2
1
2
2
2


    1-7 
Here Z is the nuclear charge of the atom,    denotes the relative coordinate of the 
electron i with respect to the nucleus, jiij rrr   is the distance between the i
th
 and j
th
 
electrons, and the last summation is over all pairs of the electrons. The first sum of the 
Equation 1.7 represents the sum of the kinetic and potential energies of all the 
electrons in the electrostatic field of nucleus. The second summation over all electron 
pairs is the contribution to the potential energy from the electrostatic repulsion 
between the electrons. The last sum describes the potential energy of the magnetic 
interaction between the magnetic moment associated with the electron spin and the 
magnetic field due to the orbital motion of electron.  But still the Hamiltonian (H) 
described in Equation 1-7 is not complete; all additional terms can quite successfully 
be treated as perturbations.  
In the dimensionless variable, Equation 1-7 can be written as  
 




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N
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N
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rr
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22
(
11
2      1-8 
Where, 
a
r
r           1-9 
For single electron system 
rZrVrZerV  2)()( 2       1-10 
Thus the eigenvalue equation for energy is  
)()(
2)1(
22
2
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It can be solved exactly, and we get 
22 nZE
n
  Rydberg where n =1,2,3,… is the principal quantum number and 
)(rP
nl
 is the radial function depends on two quantum numbers n and l (l the azimuthal 
quantum number l =0,1,2…n-1), and hence 
)()(
2)1(
22
2
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r
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d
nlnl
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
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
      1-12 
From now onwards we omit the prime ( ).  
The wave function k and energy Ek of a stationary quantum state k for an 
atom with N    ) electrons is determined by the solution of time-independent 
Schrödinger equation: 
KKK EH          1-13 
The Schrödinger equation for purely spatial wavefunction ).....,( ,3,2,1 Nrrrr  is 
),...,,,(),....,,,(
321321 NN
rrrrErrrrH       1-14 
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11
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rrrrErrrrSlr
rr
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


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






 
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  
1-15 
It is visible that the (equation 1-15) is a partial differential equation of 3N 
dimensions involving the coordinates ),....,,,( 321 Nrrrr of the electron. Due to the presence 
of mutual electrostatic repulsion term in the Hamiltonian operator (equation 1-8), the 
Schrödinger equation cannot be separated into N one-electron Schrödinger equations; 
and thus the solution of N-electron Schrödinger equation becomes tedious. Therefore, 
the solution for this Hamiltonian (equation 1-8) is hopelessly complicated even with a 
high degree of computing machine presently available and hence, the high 
dimensionality of the (equation 1-15) demands the use of some approximation to 
obtain the eigenfunction and eigenvalues of the Schrödinger wave equation. D. R. 
Hartree proposed that the solution of Schrodinger equation can be achieved by the use 
of central field approximation as a starting point. 
1.2.1 Central Field Approximation 
Under central field approximation the spin-orbit interaction term is being 
neglected from the Hamiltonian (equation 1-8). Therefore, the Hamiltonian operator 
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H for the multi-electron atom is independent of the spins of its Z electrons [12] and is 
given by the equation 


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
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2 22
       1-16 
The central field approximation (CFA) is based on the independent particle 
model, according to which each electron in an atom moves independently of the 
others in a central potential V(r) representing the attraction of the nucleus and the 
averaged repulsive effect of the other (N-1) electrons [12]. Since it is clear that the 
averaged repulsive effect depends on the dynamical state of the electrons and 
therefore, a single potential V(r) cannot, even approximately account for the whole 
spectrum of the atom. However, by restricting the study only to the ground and first 
excited states, it is reasonably good to assume the central potential V(r) as a starting 
point. Therefore, the choice of the potential V(r) should be made very judiciously to 
have better approximation and hence various approximations differ by the choice of 
V(r). Consequently, the choice of the potential V(r) can be made by some smart guess 
which can be achieved by utilizing the fact that the overall effect of the other (N-1) 
electron is shielding on the central coulomb field due to the attraction between 
electron and the nucleus. The form of V(r) can be obtained readily at large and small 
distances. Thus in the limit     0, the effective potential acting on the electron i is 
the unscreened Coulomb potential of the form )2( irZ due to the nucleus and the 
electron i moves in a potential given approximately by    irNZ )12  as ir . 
Therefore,    
 
r
Z
rV
2
 as  0r        1-17 
 
 
r
NZ
rV
12 
 as r       1-18 
Therefore, the concept of screening provides a switch limit for the 
determination of the effective potential at intermediate distances in a much more 
complicated problem. Now, the Hamiltonian (equation 1-16) of the system of N 
electrons can be separated into unperturbed and perturbed Hamiltonian by writing H 
as     
1
HHH
c
          1-19 
Where 
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is the Hamiltonian corresponding to central field approximation, and  
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is the remaining part of full Hamiltonian (equation 1-19) and is treated as 
perturbation. The perturbation H1 is much smaller than the full electron-electron 
repulsion term and can be neglected from the full Hamiltonian H (equation 1-19). 
Therefore, Schrödinger equation (1-14) can be solved by concentrating on the 
unperturbed Hamiltonian (Hc) ( 1-20). The Schrödinger equation for purely spatial 
part of the N-electron central field wavefunction                  is written as 
 
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The above Schrödinger equation is separable into N one-electron equations 
and the solution may be written as 
 


N
i
iac
ru
i
1
        1-23 
Where, the symbol ai corresponds to three quantum numbers (ni, li, ml) for 
electron i and        Naaaa rurururu N,...,,, 321 321 corresponds to individual electron orbital 
and is normalized to unity, are solutions of an equation of the form  
     
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 2      1-24 
Therefore, the quantum numbers valid within the Hartree central field 
approximation are principal quantum number n (n=1,2,3,....), orbital quantum number 
l (l =0,1,2,…,n-1) and magnetic quantum number ml (ml =              ).   
The one electron orbital or central field orbital           can be written as the 
products of the radial function Rnl(r) times the spherical harmonics 
      ,
ll
lm
Yr
nl
Rr
nlm
u        1-25 
where, r denotes the spherical  coordinates  ,,r  with respect to the nucleus. 
         are radial and spherical wave functions respectively.   
The radial function satisfies the equation 
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where   rrPrR
nlnl
)(        1-27 
1.2.2 Self consistent field method and Slater integrals 
Since, Hartree equations are the coupled radial equations in that the charge 
distribution of one electron depends on other (N-1) electrons and vice versa. 
Therefore, to obtain the wavefunctions for one electron, it is necessary to know the 
wavefunction for all other electrons, in order to calculate electron-electron repulsion 
potential. These can be determined by the procedure which requires the 
predetermination of the wavefunction for the first electron.  Hartree suggested an 
iterative procedure for finding the solution of such problems called self-consistent 
field (SCF) method. In SCF method, an initial guess is made for the wave functions of 
the N-1 electrons, and the Schrödinger equation (1-22) is solved for the N
th
 electron. 
Then, the obtained wavefunction is used as an improved guess for that electron in the 
calculation of the wavefunction for another electron. This procedure continues 
iteratively, improving wavefunction in each succession of times until further iterations 
lead to no change of the wavefunctions. The total wavefunction is then self-consistent 
and is assumed to be the best solution.  
The electrons obey Fermi-Dirac statistics, but approximate wavefunctions 
used by Hartree were simple product functions (equation 1-23), which do not have the 
right symmetry. The solutions therefore did not conform to the "Pauli Exclusion 
Principle". Therefore, within the framework of central field approximation, the spin of 
the electron is then readily taken into account by multiplying each electron spatial 
orbital       by a spin  
 
 
  eigenfunction       , thus forming normalised spin-
orbitals    
                                         1-28 
Now, the electrons are arranged around the  nucleus so that each electron has a 
set of four quantum numbers (n,l,ml,ms) under central field approximation [13, 14], 
and the stationary state of an electron is characterised by these four quantum numbers, 
which is described by the wavefunction referred to as one electron spin orbital  
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                                      1-29 
Here ms (    ), is the spin quantum number. The spin orbitals satisfy the equation  
     
                          
 In 1930, V. A. Fock and J.C. Slater generalized the Hartree method by taking 
the anti-symmetry requirement imposed by the Pauli Exclusion Principle. Therefore, 
Hartree method extended by Fock by taking the anti-symmetrised Slater determinant 
as a trial wave function is called, “Hartree-Fock (HF) method” [15].  In HF method, it 
is assumed, in accordance with the Pauli Exclusion Principle and independent particle 
approximation, that the simplest wavefunction of N-electron system can be a 
determinantal function  of the type 
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1-30 
The above determinant is called the “Slater determinant” and   is a trial wave 
function. Here each symbol          represents set of four quantum numbers (n, l, 
ml, ms). The above Slater determinant (satisfies the anti-symmetrisation condition 
upon interchange of coordinates of two electrons. Therefore, ensured agreement with 
the exclusion principle, and incorporated a certain degree of correlation for electrons 
having parallel spins [1]. In HF method the wave function is represented by certain 
Slater determinant chosen as near as possible to the exact solution of the Schrödinger 
equation of atom. Therefore, the best choice is the function obtained by the variational 
method using an arbitrary Slater determinant as trial function [12]. This very 
important particular case of the variational method leads to self consistent field (SCF) 
method [12]. This method is very well suited for multi electron atom as well as for 
electron in molecules or solids. Further details about the procedure, known as the 
Hartree-Fock (HF) method, is described in detail by Hartree [16] and Fischer [2].  
Under CFA, energy of a complex system depends only on the electronic 
configuration, but the actual atomic energy level structure is much more complicated. 
In reality, there are various interactions like non-central electrostatic interaction, spin-
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spin interaction (Hss), spin-orbit interaction (Hso), etc whose contributions are being 
omitted from the Hamiltonian given in equation (1-22). The Hamiltonian H for an 
atom can now be written in general as  
        
  
  
  
       
 
   
 
                                             1-31 
Here Hss and Hhfs denote the spin-spin interactions and hyperfine structure 
Hamiltonian respectively and H stands for all additional effects left out so far. Due to 
the presence of extra terms in the above Hamiltonian Hetc, even without relativistic 
correction greatly complicates the set of integro-differential equation. Therefore, the 
integro-differential equation involved in HF method are divided into smaller 
manageable integrals known as Slater integrals also called as Slater parameters (F
k
, 
G
k
, R
k
  and nl), which is the result of J. C. Slater’s lifelong work since 1930 [10, 15]. 
The integrals F
k
 and G
k
 come due to the non central electrostatic interaction which is 
treated as perturbation to the central energy which results into splitting of a given 
configuration into several energy states (or terms). In general, the energy contribution 
due to the electrostatic       perturbation is of the form of: 
             
      
                  1-32 
Where, fkF
k
 and gkG
k
 represent the direct and the exchange parts respectively. 
fk and gk are being derived from the angular part of the wave functions, whereas F
k
 
and G
k
 are the integrals over radial parts of the wave functions. Here the F
k
 and G
k
 are 
responsible for the separation of terms with different L values but same S values and 
different total spin S but same L values, respectively.  
 Later the spin orbit-interaction is treated as a perturbation to the energy which 
results in splitting of a given term into several energy levels.  The integral nl  is the 
magnetic spin-orbit interaction and is responsible for the splitting of a given term into 
several energy levels called fine-structure splitting. These integrals can be evaluated 
on rigorous theoretical basis [3, 6] or treated simply as adjustable parameters in the 
application to observed spectra.  
 Therefore, the Hartree-Fock method calculates the radial solutions using 
calculus of variations where Pnl is solved numerically by iteratively changing Pnl until 
the change between two successive wavefunctions is less than a given tolerance. The 
average energy of the configuration (Eav) is then determined from a sum of the 
integrated radial solutions and Coulomb integrals (or Slater integrals) F
k
 (direct 
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Coulomb integral for equivalent electrons) and G
k
 (direct and exchange Coulomb 
integral for non-equivalent electrons). From the final wavefunctions Eav,  (spin-orbit 
integral), F
k
, G
k
, and R
k
 (configuration-interaction Coulomb integral) are determined. 
1.2.3 Multi-configuration Expansion 
 With the CFA, the approximate energy levels and eigenfunctions of non 
relativistic Hamiltonian (1-16) are obtained. The approximate wavefunctions in the 
form of Slater determinant are not the eigenfunctions of the total angular momentum 
operator. Therefore, in order to have a better approximation, the Hartree-Fock 
configuration interaction (HFCI) method is exploited which extends the HF 
approximation by mixing basis sets, where a new wavefunction is found as a linear 
combination of Slater determinants as:  
                                     1-33 
Where    is the coefficient of variational parameters and    is configuration 
state functions. The various Slater determinants    differ in choice of spin orbitals 
occupied by electrons and hence correspond to different electronic configurations. 
This approach is known as configuration interaction (CI) method. CI method reduces 
to HF method when only one Slater determinant is used in Equation1-33. To deal with 
such configuration interaction, another integral known as configuration interaction 
integral R
k
 is taken into account. 
The basic theory relevant to the classification of atomic states and spectral 
transitions was outlined by Slater in 1929 and expanded in the classic text by Condon 
and Shortley [17] a few years later. The evolution of this theory, referred to here as 
Slater-Condon theory has been influenced by the parallel development of 
mathematical and computational tools. 
1.3 Method of calculation 
The advancement in atomic structure calculation is greatly aided due to the 
development of user friendly ab initio computer programs. The progress in 
computational physics is possible due to the development of quantum mechanics and 
of course to the development of computers. Various computer based atomic programs 
based on different methods are available and few of them are the Slater-Condon 
method by Cowan [1] is an example of a superposition of configuration (SOC) 
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method, the MCHF code utilizes the MC approach, MCDF is a MC method in the 
relativistic formalism, Relativistic configuration interaction code (RCI) and 
Superstructure code featured by Thomas-Fermi-Dirac-Amaldi potential model. In this 
thesis, the Cowan code has been utilized and described in some detail below. 
1.3.1 The Cowan Code’s (CC) description 
Under Cowan code package, the self-consistent field calculation of the orbitals 
can be made in a multitude of ways. There are several different procedures for 
deriving one potential. The mostly employed procedures among the Cowan code users 
are the semi-empirical Hartree-plus statistical exchange (HX) potential and a version 
of Hartree Fock (HF),  and both methods can be extended to include the relativistic 
mass correction and the Darwin term in the self-consistent field procedure (HXR, 
HFR). This is preferable for heavier elements where orbital contraction is important. 
In our analysis, we have adopted the ab-initio HX calculation.  
A method of deducing the occurrence and approximate energy intervals of 
groups of atomic energy levels was introduced by Slater [10] in 1929, and was 
expanded a few years later into a comprehensive theory of electronic structure and 
spectra in the classic text by Condon and Shortley [17] Cowan uses the phrase 
"Slater-Condon theory" to describe Slater's method of approximating groups of 
atomic states with linear combinations from a finite set of determinant wavefunctions. 
In Cowan code each configurations are optimized individually and therefore, the 
integrals F, G and are limited to the single configuration approximation which 
means that no quantum state from outside the configuration under study is of any 
consequence to its structure. Hence, the orbitals are normally not orthogonal and the 
core orbitals vary for the different configurations which improves the results of the 
calculation due to flexibility of the core orbitals. But in practical cases it is frequently 
observed that levels of one configuration interacts with other and is large if the Eav of 
the two interacting configurations lie within close vicinity of each other. To deal with 
such interaction, another integral known as configuration interaction integral R
k
 is 
taken into account. However, the non-orthogonality of the orbitals is a problem for the 
calculations of configuration interaction (CI) matrix elements and transition 
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probabilities. This is taken care of in the Cowan code by replacing the overlap 
integrals for the spectator electrons with the Kronecker delta, δnn’.   
 
1.3.2 Slater Parameters in Cowan Code: 
Eav: This symbolizes for the average energy of the configuration, and has the form: 
       
     
  
 
   
 
  
 
 
  
 
   
  
        
       
 
 
                                         1-34 
F
K
 Integral: This parameter describes a part of the coulomb electrostatic energy of a 
single configuration, which is relied on the ℓ vectors orientation and it decides 
separation of the terms with same S but different L values.  
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where, K is the integer (0, 1, 2,…) 
  = whichever is greater among          
  = whichever is smaller among          
i and j= quantum numbers of first and second states respectively.  
G
K
 integral: This is often known as an exchange integral, is an extra term appears 
when spin-orbitals of two electrons are interchanged. This energy is always positive, 
and causes the shifting of same terms with different multiplicity. It should be 
mentioned that this parameter is vanishing for equivalent electronic configurations i.e. 
for np
2
, nd
2
 etc., in accordance with the Pauli's exclusion principle. 
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 nl integral: This integral known as spin-orbit interaction integral. The spin-orbit 
interaction energy is dealt by the parameter  nl and it has always positive sign since 
dVi/dr >0 at everywhere. The fine structure spitting of terms are decided by this 
parameter.  
                   
          
 
 
     
  
                
    1-37 
Where,        
  
 
 
 
  
       
   
  
and is the fine structure constant (1/137) and Z the nuclear charge.  
R
K
 Integral: This is involved when more than one configuration is presented in a 
given parity such that the electron-electron Coulomb operator of them leads to the 
configuration interaction (CI) radial integral. Unlike F
k 
and G
k
, R
k
 may also have the 
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negative values. For the configurations whose average energy lies within close 
vicinity, the CI effect is more significant [1, 18]. 
     
   
 
  
     
       
     
 
 
 
 
                        1-38 
1.3.3 The Cowan code 
 The Cowan code is a program written in FORTRAN created by R. D.  Cowan 
in 1968 [1] to solve the multi-electron Schrödinger wave equation and it consists of 
four sub-codes (viz., RCN, RCN2, RCG, and RCE). The suite includes many 
additional sub-codes which may either be used by the main program or others are 
utility based. In this work the windows based version of Cowan code [1, 18] is 
exploited. RCN is the main subroutine and handles all input (for normal calculations) 
and some output, controls the self-consistent-field iteration, and does portions of the 
detailed calculation. The input parameters to run the RCN sub code are provided 
through input (ASCII) file IN36 (Table 1-1) which contains one control card and one 
configuration card. The control card is the universal card which seldom changed to 
switch from non-relativistic (HF) to relativistic (HFR).  
Through RCN single-configuration radial wavefunction Pnl(r) (bound or free) 
is obtained for any number of specified electronic configurations via any of the 
homogeneous-differential-equation approximation to the Hartree-Fock method. The 
approximation methods are Hartree (H), Hartree Fock Slater (HFS), Hartree-plus-
statistical-exchange (HX), Hartree-Slater (HS) and Hartree-Fock (HF).  
For each provided configurations in the input file IN36, RCN calculates the 
absolute average energies (Eav), Slater Integrals F
k
, and G
k
, spin-orbit integrals ( ), 
which are needed to determine the energy structure of that configuration(s). The 
output file generated by RCN are OUT36 (ASCII file) and TAPE2N (binary file), the 
latter is used as input in the next successive program RCN2.  
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Table 1-1:Sample input file, IN36, of Se IV to run primary code RCN #   
200-90 0 2  01.  0.2    5.E-08    1.E-11-2 00190 0 1.0  0.65  0.0 1.00   -6      
   34 4Se 4 4s24p 3d10  4s2  4p1 
   34 4Se 4 4s25p 3d10  4s2  4d0  5p1 
   34 4Se 4 4s26p 3d10  4s2  4d0  6p1 
   34 4Se 4 4s24f 3d10  4s2  4d0  4f1 
   34 4Se 4 4s25f 3d10  4s2  4d0  5f1 
   34 4Se 4 4s26f 3d10  4s2  4d0  6f1 
   34 4Se 4 4p3 3d10  4s0  4p3 
   34 4Se 4 4s4p5s 3d10  4s1  4p1  5s1 
   34 4Se 4 4s4p4d 3d10  4s1  4p1  4d1 
   34 4Se 4 4s25s 3d10  4s2  4d0  5s1 
   34 4Se 4 4s26s 3d10  4s2  4d0  6s1 
   34 4Se 4 4s24d 3d10  4s2  4d1  
   34 4Se 4 4s25d 3d10  4s2  4d0  5d1 
   34 4Se 4 4s26d 3d10  4s2  4d0  6d1 
   34 4Se 4 4s25g 3d10  4s2  4d0  5g1 
   34 4Se 4 4s26g 3d10  4s2  4d0  6g1 
   34 4Se 4 4s4p2 3d10  4s1  4p2 
   34 4Se 4 4s4p5p 3d10  4s1  4p1  5p1 
   -1  
#
 The description of the input can be found in ref. [1, 18]. 
 
An interface program RCN2 takes radial wavefunction Pnl(r) calculated by 
subprogram RCN and calculates the configuration interaction coulomb integrals (R
k
) 
between each pair of interacting configurations of same parity. In addition, it also 
calculates the electric-dipole (E1) and/or electric quadrupole (E2) radial integrals 
between each pair of configurations.   
The input parameters to run the RCN2 sub code is provided through input 
(ASCII) file IN2 which contains one control card. It scales all energy-level-structure 
parameters F
k
, G
k
, R
k
, and  . The main output file generated by RCN2 is OUT2ING 
that is renamed to ING11 and serves as input to next successive program RCG. 
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The third sub program RCG calculates the energy matrices for each possible 
value of the total angular momentum J and eigenvalues (energy levels) and 
eigenvector (multi-configuration, intermediate coupling wavefunctions in various 
possible angular-momentum-coupling representations) through matrix diagonalization 
and then computes multipole transition rates, line strengths factors for electric dipole 
(E1), magnetic dipole (M1), electric quadrupole (E2) and magnetic quadrupole (M2) 
radiations as well as estimates for radiative lifetimes.  
Inputs to RCG code are provided through the file ING2 generated by RCN2. 
Output files generated by RCG code are OUTG11 (TAPE2E file) and OUTGINE 
(ASCII file).  
To improve the agreement between the calculated and experimentally 
determined energy levels, least square fitting procedure of Slater parameters (Eav, F
K
, 
G
K
,   , R
K
) are employed and is achieved through a routine RCE in Cowan Code. 
Under LSF procedure, various Slater parameters are adjusted to produce the 
computed atomic energy levels in the best possible (least square wise) agreement with 
experimentally known values. Any of the parameters can be held fixed at specified 
values, or groups of parameters can be forced to vary in such a way that the ratios of 
the values within a group remain fixed relative to each other. Often parameters with 
small values, i.e. spin-orbit integrals and diminutive electrostatic exchange integrals, 
have been kept fixed during the LSF parameterization otherwise, resulting into 
nonphysical values in order to compensate for a missing perturber (Cowan 1981). 
Also, the experimentally unknown levels are excluded from the LSF 
parameterization. The LSF is carried out by an automatic iterative procedure until the 
parameter values no longer change from one iteration cycle to the next (by more than 
0.03), or for a specified maximum number of cycles. Then the resulting least-square-
fitted parameters can be used to repeat the RCG calculation with the improved energy 
levels and (presumably) wavefunctions. Hence, it generates the energy scaled 
transition parameters i.e., transition rates, oscillator strengths etc.  
The RCE is also helpful to find the unobserved levels in atoms/ions concerned 
to which semi-empirical approaches can be applied either from the known series 
extrapolation or the isoelectronic trend of the particular ion in the sequence. It has 
also been observed that when significant number of levels of a configuration was 
established and subjected to the LSF, then remaining levels, mostly the single 
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transition based, can be predicted (from LSF) within a few hundred cm
-1
. This 
minimization procedure between experimental and theoretical quantities is seldom 
adopted in other atomic codes and in that sense the Cowan code [1, 18] results are 
more reliable for the spectroscopic analysis. 
1.4 Radiative Transition (E1) 
When electromagnetic radiation interacts with matter, two phenomena can occur. An 
atom can be excited from quantum state i to excited state j with the absorption of a 
photon called photo-excitation, or jumps to a quantum state i from an excited state j 
with the emission of a photon called radiative decay. And the process of photo-
excitation or radiative decay is expressed as  
                1-39 
The energy of emitted or absorbed photon due to interaction of radiation is given by 
the relation 
                   1-40 
corresponding to the emission of a spectrum line of wavenumber 
    
 
   
 
     
  
        1-41 
 For the situation where observed spectrum is very rich (complex spectra), it is 
very difficult to pick up the right line for a particular transition among the enormously 
large number of available lines. Therefore, more precise calculation on transition 
probabilities as well as on wavelength data is required.  
 As the spectral analysis can be facilitated enormously when good predictions 
for the atomic energies are made. And the accurate predictions will narrow down the 
wavenumber region in which the spectral line of interest will occur and hence lesser 
number of spectral lines will be the probable candidates. But in order to provide 
additional support to the analysis, the calculation also estimates the intensities of the 
lines which basically depend on the transition probability for electric dipole transition 
(E1) and the occupation of the initial state. The selection rules for E1 transitions are 
Δℓ=±1, ΔJ= 0, ±1 (J=J’=0, is not allowed).The final transition probabilities are 
computed once the energy levels involved in each configuration is determined 
experimentally.  
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1.4.1 The Dipole Line Strength  
The total strength of a spectrum line is measured by a quantity called line 
strength which is the primary measured quantity for the transitions.  The dipole line 
strength is defined as:  
            
                        1-42 
 
where          are lower and upper states respectively.  
1.4.2 Total Transition Probability 
 The total transition probability for an electric dipole (E1) transition from an 
upper state      to lower state    ,  is given by the relation 
  
        
   
         
          1-43 
  being the line strength.   
The weighted transition probability     (g=statistical weight of the upper 
level=2J'+1) is written as   
            
        
   
  
                              1-44 
Where    in cm-1         , and S in atomic units e2ao
2
.  
1.4.3 Oscillator Strength 
 Strength of a spectrum line when dealing with the absorption from a 
continuous spectrum is the (absorption) oscillator strength and is interlinked with the 
line strength S as: 
    
       
  
        
  
     
       
          1-45 
where       is the transition energy in Rydbergs.   
The oscillator strength for emission (-ve of that from absorption) takes the 
form 
    
       
  
         
  
     
        
         1-46 
Oscillator strength, related to the strength of the spectrum line which 
represents the total probability of absorption or emission from a specific state of the 
upper level j to all (2J+1) states of lower level i. 
Weighted oscillator strength is defined as   
                 
                 
        1-47  
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Both the oscillator strength (gf) and transition probability (gA) are related to 
each other with the expression: 
                            1-48 
The further information can be found in chapter 14 of ref. [1]. 
1.4.4 Cancellation Factor 
 A comparison of calculated line strength with the observed relative intensity is 
of great help in the line identification. At times the prediction of the line position 
along with the intensity enables the determination of a state only on the basis of single 
transition if its wavenumber and intensity agrees well with the calculations and there 
are no other probable lines in its vicinity. In the best cases the accuracy of oscillator 
strengths and transition probabilities approaches 10 or even a few per cent (depending 
on the method employed), atoms/ions with complex electronic configuration 
especially in neutral or low ionised spectra, the accuracy of oscillator strength and 
transition probability get hampered, resulting in the discrepancies of about 50-100%.  
The effect responsible for such discrepancies is known as cancellation effect. Cowan 
[1] introduced the so-called “cancellation factor (CF)” which is expressed as: 
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 In practice, if CF for a particular transition is     , may be considered non 
reliable prediction. 
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1.5 Isoelectronic Sequence 
 A sequence of atoms/ions having equal number extra nuclear electrons 
constitute an isoelectronic sequence and atoms/ions belonging to the sequence are 
called isoelectronic members. The first member of such series can be the neutral atom 
of any element, followed by singly ionized of next element, doubly ionized of third 
element in order of increasing atomic number (Z) and so on.  Therefore, isoelectronic 
sequence is named after its first member i.e. neutral atom. As an example, Ga I, Ge II, 
As III, Se IV, Br V, etc., will be named Ga I isoelectronic sequence [19]. The number 
written after the element symbol identifies the net charge of the core i.e. Z-(N-1) 
where Z being the atomic number and N is the total number of extra nuclear electrons, 
also represented by   which is the spectrum number i.e.,  =          for neutral, 
singly and doubly ionized atoms and so on.  
 Along the isoelectronic series the effective nuclear charge increases 
monotonically but leaving the electronic configuration unchanged, therefore energy 
levels also vary monotonically but energy structure and spectral lines arising from its 
members show remarkable similarities along the sequence. In theoretical, semi-
empirical and experimental investigations of atomic spectra, studies of isoelectronic 
sequences are very fruitful. Because of the similarities along isoelectronic sequence, 
interpolation or extrapolation along series are extensively used to evaluate the 
correctness of the analysis and help in locating the new energy levels, also reveal 
important irregularities and peculiarities along series. Moreover, it helps to have 
initial values of semi-empirical parameters etc.  
 In order to obtain the appropriate trend along isoelectronic sequence the plot 
of  Tnlj Vs Z can only provide approximate trend due to the fact that Tnlj increases 
rapidly with Z which makes the plot useless which can not reveal any inconsistencies 
if any. To deal with such situation, Prof. Edlen’s effort was of great importance. For 
the precise comparison, Edlen studied the Z dependence of energy levels as well as 
other atomic parameters and came up with a conclusion to plot the term value or some 
function of the term value as for instance   , T/(   +c), T/(   +c)2 etc with  , where c 
is a suitably chosen constant which makes the plot quite horizontal or downward 
slope instead of being steep upward. The best way to get the horizontal plot was 
achieved by plotting the E/(  +c) Vs    With a suitable choice of constant c these 
curves can be made more smooth and horizontal. The constant c can be guessed 
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exploiting the relation E1/(  +c)= E2/(  +c) where E1 and E2 being the energy of 
lower and higher member of the series respectively. This constant is more effective 
for the starting members of the sequence than for higher members.  
 Figure 1-1 is a given example of Ga I isoelectronic sequence which reveals the 
inaccuracy in the levels values of 4p
3
 and shows the smooth variation in energy levels 
for 4s4p
2
 configurations.  The values of Se IV 4p
3
 levels were taken from the 
published results [20] and for other isoelectronic members As III - Mo XII the energy 
level values are taken from [21, 22, 23, 24]. This isoelectronic plot reveals the serious 
irregularities for Se IV levels reported by Gautam and Joshi [20] indicating 
misidentification of the levels.  The interpolation suggests the energy level values for 
4p
3
 configuration in Se IV to be higher than the previously reported values.  
 In fact in our work, we found new level values of Se IV much closer to the 
predicted values. Figure 1-2 represents Ga I isoelectronic sequence with corrected 
energy level values for 4p
3
 configuration in Se IV. The new experimental level values 
are in good agreement with the isoelectronic interpolated values and makes the plot 
perfectly smooth and consistent along the sequence. 
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Figure 1-1: Isoelectronic plots of the 4s4p
2
 (
4
P) (dotted line) and 4p
3
 (
4
S, 
2
P and 
2
D) 
(solid line) levels along the Ga I sequence from As III to Mo XII. E is the relative 
energy of the levels in cm
-1
 and    is the net electronic charge of the core (  is I for 
neutral atoms, II for singly ionized atoms and so on). 
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Figure 1-2 : Re-plot of the Figure 1-1with corrected Se IV level. 
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Chapter 2  
Experimental Details 
The experimental approach on which atomic emission spectroscopy is based is 
broadly classified into few main sections namely: experimental work to record the 
spectra, light source to excite the emission/absorption spectra, wavelength calibration, 
ionization separation, line identification and energy level optimization.  The present 
chapter contains the brief description of the key apparatus - light sources (HCL and 
Triggered Spark), Spectrometer (3-m Vacuum UV Spectrograph, 10.7 m NIST 
Vacuum Spectrograph, NIST 2-m Visible/Infra Red(IR) FTS, NIST UV/Visible FT 
700), technical approach including experimental technique used in this thesis.  
2.1  Introduction  
The aim of spectral analysis of atomic or ionic spectrum lies in the 
identification of upper and lower levels of observed spectral lines and deriving the 
energies of these levels by means of measured energy differences. The analysis of one 
electron system is an easy task due to fewer numbers of probable transitions. But, as 
the number of electrons increases the complexity in the analysis of atomic structure 
tremendously increases due to the involvement of thousands of lines arising from the 
transition between hundred of energy levels of various electronic configurations, 
making analysis a formidable task. Therefore, such a complex spectra necessitates the 
observation and analysis of laboratory data of high resolution and high signal to noise 
(S/N) ratio to obtain the accurate wavelength and derivation of energy levels of 
complex atomic/ionic system. To obtain such quality of spectra one needs the best 
available experimental techniques as well as theoretical tools to analyze and interpret 
complex spectra. In this chapter we will be discussing the details of experimental 
technique along with the component and its description used in the observation 
required for the analysis of complex spectra. To obtain observed spectrum for 
analysis, a light source to emit/absorb the radiation and a spectrometer to disperse and 
record the radiation are the two necessary requirements. A spectrometer has several 
components viz., entrance aperture, a focusing optics, a dispersive element and 
detecting system.  
The experimental techniques used in this work are Vacuum Ultra Violet 
(VUV) grating spectroscopy and Fourier Transform Spectroscopy (FTS) which use 
the triggered spark and Hollow Current Lamp (HCL) as light sources respectively. 
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The choice of experimental technique and the source depends on the wavelength 
region under investigation and of course the ions under study.  
A brief description of the experimental technique, spectrometers and sources 
used, detecting device along with the wavelength calibration is presented in the first 
section. The second section deals with the method of calibration to obtain accurate 
wavenumber or wavelength of a spectrum recorded on FTS and grating spectrometer.  
2.2  Light Sources For Atomic Emission Spectra 
The light sources are one of the primary requirements for spectral analysis and 
are divided into two major categories depending on the spectrum they emit as, 
broadband (or continuum) sources suitable for intensity standards or as background 
for absorption spectroscopy and narrow-band (or line/discontinuous) sources suitable 
for emission spectroscopy. Here we will be restricting ourselves only to the narrow 
band source as we are dealing with the emission spectroscopy. For emission 
spectroscopy in particular, only light sources producing the line spectra can be used 
and can be obtained by the excitation of the substance under consideration. Most  
widely used light sources are flames, arcs, sparks, glow discharge, Inductively 
Coupled Plasma (ICP), Beam Foil Sources (BFS), Laser Produced Plasmas (LPP), 
shock tubes, fusion plasma devices, Electron Beam Ion Traps (EBIT).  The choice of 
these sources depends on the spectral region, ionization stage and on the element 
under investigation [1, 2, 3]. For the present studies which focus on the moderately 
ionized spectra (Se II-Se V), high current hollow cathode lamp (HCL) and triggered 
spark were used depending upon the ionization stages. HCL was only used to record 
the spectra for neutral and singly ionized selenium in the wavelength region of 
2000Å-15000 Å whereas the latter was used to get spectra for various ionization 
stages (Se II-Se VII) by varying the experimental conditions in the Vacuum Ultra 
Violet (VUV) wavelength region (320 Å-2400 Å). 
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2.2.1 High Current Hollow Cathode Lamp (HCL) 
The hollow cathode lamp (HCL) is a form of glow discharge and is an 
excellent source for the first and second spectra. Therefore HCL was used to get the 
spectra for Se I and Se II in the wavelength range of 2400 Å – 15000 Å on National 
Institute of Standards and Technology (NIST) 2m-Visible/IR FTS and NIST 
UV/Visible FT700 spectrometer.  
The schematic of hollow cathode discharge lamp used, given in the Figure 2-1 
consists of two anodes and one cathode made up of stainless steel with water cooling. 
The cathode insert, in the form of 60 mm long hollow cylinder of pure aluminium and 
8 mm bore with about 2.5 mm of wall thickness, is held in the cathode body by a 
slightly conical fitting. The selenium chips were placed inside the aluminium 
cylinder. Central bores of 4 mm in both the anodes allow end-on observation of 
plasma. The electrodes were adjusted and electrically insulated by precisely 
manufactured glass spacers. The whole system was vacuum sealed by vacuum 
compatible O-ring. More details regarding HCL can be found in ref [4].   
 
Figure 2-1: Schematic figure of the hollow cathode discharge lamp. Courtesy of U. 
Litzen 
The HCL was operated with a current stabilized power supply (3kV, 3A). The 
anodes were maintained at ground potential whereas cathode was at high negative 
potential. For maximum stability both the anodes and the cathode must be clean, and 
both current and pressure must be stabilized. Therefore, optimum running pressure on 
FT700 is 2 Torr of  Neon and 0.5 Torr of Helium, with currents in the range of (0.3-
1.5A) and approximately 200-400 V across the lamps whereas a mixture of Neon and 
Helium were taken in the ration of 0.5 Torr and 2 Torr on 2m FTS with current of 
0.26 A. Before turning on the voltage, the HCL must be cleared from air and filled 
with carrier gas. In the electric field between the anodes and the cathode, free 
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electrons are accelerated and collide with the carrier gas atoms. These collisions will 
ionize the gas and the positively charged ions will be accelerated and bombard the 
cathode. This bombardment will sputter out free atoms and ions from the cathode 
material into the plasma. The collisions from both ions and free electrons will keep 
the excitation processes continue as long as the electric field is on. The radiation 
produced in the plasma is directed into the spectrometers (FTS). 
 
Figure 2-2: Complete view of Hollow Current Lamp during run on FT700 
 
2.2.2 The Vacuum Spark (Triggered Spark) 
The vacuum spark source is suitable for moderately ionized spectra and 
compatible with the high vacuum environment, therefore, was used to get the 
spectrum for Se II- Se V in the Vacuum Ultra Violet (VUV) wavelength region.   
A quickly terminated electrical discharge occurs between two current 
conducting bodies (i.e. electrodes), which is termed as “spark” provided that the 
potential difference between them exceeds the breakdown voltage. Spark discharge is 
initiated by the particles present between the electrodes called spark gap. These 
particles are accelerated charged particles that are always present in the spark gap. 
The present source is the development of its classical version used by Edlen, 
Tyren and their collaborators which consisted of two electrodes in high vacuum 
separated by a gap of few mm connected to a capacitor (C=0.1-0.5μF) that is charged 
by a high voltage power supply until potential difference between the gap exceeds the 
breakdown voltage initiating the spark discharge. The discharge current I is in the 
range of 50-100 kA. The capacitor is recharged, and the procedure is repeated with a 
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frequency limited by the charging current from the power supply. By the introduction 
of variable inductance L in the circuit with adjustable coil, the distribution of 
ionization stages can be altered. The present source is based on the development of 
open spark source by Feldman [5] keeping voltage low and the value of C to be 
considerably high. But in order to induce the breakdown in the high vacuum, various 
triggering mechanism has been employed [6, 7, 8, 9, 10, 11, 12].  
The most common arrangement for obtaining triggered light flashes using a 
spark discharge is one with the three electrodes which is being used in the present 
work.  The three electrode system is similar in design to the one developed at the 
Goddard Space centre in 1967. The advantage with this source is that it can produce 
higher ionization at comparatively low voltages in comparison with the two electrode 
vacuum spark. The schematic of three electrode spark is given in Figure 2-3. The 
arrangement of three electrode spark source used in the present study is shown in 
Figure 2-4. In the three electrode vacuum spark source, two electrodes provide the 
lighting discharge and the third electrode with its tip very close to spark gap acts as a 
trigger electrode [8]. With the voltage across the spark gap held just below its static 
breakdown voltage, a trigger module TM 11 sent a high voltage pulse up to 30 kV in 
0.3 ms rise time. This mechanism triggers a flash across the spark gap, providing the 
ionization necessary for spark gap breakdown. The electrode was separated with a gap 
of about 3-5 mm and made up of aluminium due to the fact that aluminium has very 
few lines in the VUV region and they are very well known. At Antigonish laboratory 
(Canada) the charging potential was kept between 2-6 kV by a 14.5μF low inductance 
capacitor having fast charging capacity up to 20 kV.  The degree of ionization for 
producing the spark spectrum depends on the spark gap, vacuum in the source, and 
the LCR characteristic of the discharge circuit. Usually many ionization stages are 
being generated during a plasma discharge which needs to be controlled in order to 
reduce the complication during the analysis. Therefore, the discharge conditions can 
be controlled further either by tempering the spark gap, inserting induction coils in the 
circuit or reducing the discharge voltage. Tempering with the spark gap is not 
desirable; especially sparking gets highly affected by other extraneous factors. For 
trimming the higher ionization stages, the method of varying inductance coil is 
preferred as it affects slowly, whereas the change in condenser capacity greatly affects 
the ionization stages.  
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Figure 2-3: Schematic of triggered spark light source 
 
 
Figure 2-4: Experimental view of triggered spark light source 
Se 
Se 
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2.3  Spectroscopic Instruments 
Every spectrometer has an entrance aperture, focusing optics, a dispersing 
element, and one or more detectors. A block diagram of spectrometer is shown in  
 
Figure 2-5, where a light source (arc, spark, discharge lamp, laser-produced 
plasma) is collimated by a slit and dispersed by a prism or diffraction grating, the 
angle of which is measured by a photographic plate, charge-coupled device (CCD) 
camera, or micro-channel plate (MCP) detector.  
 
 
 
 
 
 
 
Figure 2-5: Block Diagram of spectrometer. 
 
In general, spectrometers fall into two main categories, namely dispersive and 
interferometric spectrometers. In the former one, prism or grating spreads the 
wavelength spatially. Whereas, interferometric spectrometer impose on the un-
dispersed signal where some kind of wavelength-dependent modulation is done which 
enables different wavelengths to be distinguishable and Fourier transform 
spectrometry comes in this category. The comparative usefulness of various 
spectrometers is characterized by the throughput (amount of light passes through), 
chromatic resolving power (how close in energy two spectral features can be before 
they are indistinguishable), and free spectral range ( how wide a spectral range can be 
viewed before two features of different wavelengths overlap in the spectral display). 
But the choice of the spectrometer was made on the basis of wavelength and 
ionization stage under investigation, required resolution, optical adjustment and 
availability of compatible source and detector. 
The spectra used for the analysis of low ionised selenium ions (Se II-Se V) 
were obtained on four different instruments: 3-m Normal Incidence Vacuum 
Spectrograph (NIVS) at St. Fr. Xav. University, Canada, for the wavelength region of 
320-2400 Å; 1.5-m Wadsworth Spectrograph (WS) at Aligarh Muslim University, 
Aligarh for the wavelength region of 4000-8000 Å; NIST UV/Visible FT700 
Focal 
Plane 
Spectrometer 
 
Collimating  
Lens 
Dispersive 
Element: 
Prism, 
Grating, 
Fabry-Perot, 
Michelson 
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spectrometer for the wavelength of 2400-10000 Å and NIST Visible/IR 2-m FTS for 
the wavelength region of 4000-15000 Å at National Institute of Standards and 
Technology (NIST), Gaithersburg, Maryland, USA. The first two spectrographs 
(NIVS and WS) are dispersive type whereas FT700 and 2-m FTS are interferometric 
spectrometers.  
2.3.1 Grating Spectrographs 
The spectrograph is an instrument for producing a photographic image of the 
spectrum. Depending on dispersing device, spectrographs are categorized in two 
groups i.e. prism and grating spectrographs only latter one was used for the present 
work. The grating spectrograph is broadly divided into two classes based on the angle 
of incidence that light makes on the grating.  In the first category light falls nearly 
normally on the grating, whereas in the second grazing incidence is employed. The 
spectrum for this thesis was recorded on both the normal as well as grazing incidence 
spectrographs. To cover the low wavelength region (λ<300 Å), grazing incidence 
spectrograph is a better choice to record spectrum up to a few angstroms while in the 
region greater than 300 Ǻ normal incidence spectrographs are used.  Majority of data 
used here are from normal incidence spectrograph covering wavelengths in the region 
of 320Å<λ<2400 Å. To get spectrum in this region, the first and most important rule 
is to maintain the spectrograph at best possible vacuum as absorption is caused by 
molecular oxygen at nearly 200 nm. At wavelength below 100 nm, all atmospheric 
gases absorb strongly until the hard x-ray region is approached [13]. To overcome this 
difficulty in VUV region, the spectrograph needs to be evacuated thoroughly and a 
vacuum of the order of 10
-5 
to 10
-6
 Torr is typically maintained inside the 
spectrograph tank where the grating is housed. Moreover, in order to preserve a high 
vacuum in the body of the apparatus, a special arrangement of pumps is necessary 
whereby the gases from the neighbourhood of the source are removed at a point close 
to the slit itself. 
Another spectrograph 1.5-m Wadsworth was used to record the spectrum in 
wavelength region of 2000-8000 Å using open air spark as light source which was 
very useful in deciding the ionization characteristic of the observed lines. The 
wavelength data from Wadsworth spectrograph was not used in the analysis as high 
resolution data in this region was already recorded on Fourier Transform 
Spectrometer (FTS) of National Institute of Standards and Technology. 
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2.3.2 Choosing a grating 
Different diffraction gratings (plane, concave, grazing, or blazed) can be used 
at normal or grazing incidence to record spectra in different wavelength regions and 
they are either of transmission or reflection type. But before making a proper choice 
of grating, one should know the reason for the choice of one grating over other. The 
quantities which are being considered before proper selection of grating are minimal 
spectral resolution and minimal wavelength coverage. These two quantities depend on 
the following grating parameters: (i) the focal length (ii) type of ruling (iii) the groove 
density (number of lines/mm) and geometry (iv) blazing parameters like blazed angle 
and blazed wavelength (the blazing is employed for improving the efficiency of 
grating at desired order) [14]. Working in the VUV region demands the use of 
concave grating, which makes the spectroscope free from the requirement of using 
lenses/mirrors. The use of concave reflection grating opened the way to high 
resolution observation in UV and VUV wavelength regions, where no suitable 
focussing elements are available.  
2.3.3 Grating Instrument Mounting 
Depending on the shape of the grating; the manner of mounting of grating, 
slits, camera and mirror relative to one other; and the motion which each element is 
permitted differentiate the one grating spectroscope from the other [14, 15, 16, 17, 
18]. The typical mounting with a concave grating [19] is based on theorem by 
Rowland according to which both slit and grating to lie on a circle of diameter equal 
to the radius of curvature of the grating, and grating being tangential to the circle, then 
focusing the image of the slit on the circle called Rowland circle. The unique 
characteristic of the concave grating mounting is the ability of the grating to focus the 
image of the slit on the Rowland circle. For the better resolution of the lines in the 
spectrum, Rowland employed approximately normal incidence on the grating.  Due to 
the fact that reflectivity decreases from 90% at 2000 Å to 30 % at 800 Å, the grazing 
incidence is preferred in lower wavelength region. The mounting based on Rowland 
circle is valid for both the normal and grazing incidence of light on the grating. Many 
other mountings like Paschen-Runge mounting, Eagle mounting etc are all based on 
Rowland circle. 
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2.3.4 Normal Incidence Vacuum Spectrograph (NIVS) 
The spectrum for this work was recorded on 3-m normal incidence vacuum 
spectrograph (NIVS), at Department of Physics, St. Francis Xavier University, 
Antigonish, Nova Scotia, (Canada) covering the spectral range of 280-2080 Å. 
Additional spectrum in the range 400- 855 Å was supplemented from 10.7 m NIVS of 
National Institute of Standards and Technology (NIST), Gaithersburg, USA. The 
characteristic of the 3-m and 10.7-m NIVS are summarized in  
Table 2-1. 
Table 2-1: Normal incidence vacuum spectrograph used for spectrum recording 
Spectrograph St. Fr. Xav. Univ  
Antigonish 
NIST  
Gaithersburg 
Grating Holographic Ruled 
Radius of the grating 3m 10.7 m 
Number of lines/mm 2400/1200 1200 
Coating Osmium Gold 
λ of blaze  1200 Å/3000 Å 
Plate factor 1.385 Å/mm 0.78 Å/mm 
Practical resolution 1 00 000 (0.01 Å) 70 000 (0.013 Å) 
Wavelength range 250-2080Å/250-2400 Å 400-500 Å 
λ coverage in one exposure 1000 Å/2000 Å 750 Å 
The 3-m NIVS spectrograph at Antigonish laboratory was indigenously made 
of a hollow cylinder of length 3.5 m with internal diameter (ID) of 32 inches. The 
optical system (grating, plate holder and slit) was mounted on the rigid support at two 
ends of the cylinder keeping grating at one end and rest at other end. Basically slit 
adjustment unit was fixed at outer surface of the main cylinder such that about 7˚ off 
geometry exists between their axis and plate holder chamber inside the main chamber. 
The source chamber was connected very next to the slit such that the spark gap 
between the electrodes lie exactly in front of slit.  
The 3-m NIVS was equipped with a concave osmium coated holographic 
grating with 2400 lines/mm surface ruling. The inverse linear dispersion in the 
spectral range of 250 Å to 2080 Å varies from 1.39 to 1.37 Å/mm.  
The slit width was variable from 10 to 50 micron and optimum slit width 15-
25 micron was normally chosen for recording the spectrum. The length and design of 
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plate holder was such that it forms the part of the Rowland circle and matching the 
radius of curvature of grating.  The length of plate holder was about 76 cm, which can 
accommodate three photographic plates of dimension 10" x 2" each or two of 15" x 
2". Without destroying the vacuum, the plates can be moved in the direction 
perpendicular to the plane of the Rowland circle which enables us to record the 
spectrum at several vertical positions (maximum of six exposures) on plate with 
varied experimental conditions. However, for loading and unloading the plates, 
vacuum needs to be destroyed. The spectrograms were taken on a short-wave 
radiation (SWR) Kodak plates available in 10" x 2", 15" x 2" and 20" x 2" 
dimensions. A visual of plate holder chamber is shown in Figure 2-6 and the complete 
experimental setup of 3m VUVS is shown in Figure 2-7. 
The spectrograph was thoroughly evacuated and a vacuum of the order of 10
-5
 
Torr was typically achieved inside the spectrograph tank where the grating and plate 
holder are housed. Moreover, in order to preserve a high vacuum in the body of the 
apparatus, a special arrangement of pumps are necessary whereby the gases from the 
neighbourhood of the source are removed at a point close to the slit itself. To reduce 
the outgasing, vacuum compatible components were used hence maintaining the 
vacuum environments.  Both ends of cylindrical tank were closed using flanges with 
proper gasket for vacuum sealing. All these arrangements help in maintaining the 
vacuum at 1.2x10
-5 
Torr.  
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Figure 2-7: The experimental set-up of a 3-m Normal Incidence Vacuum 
Spectrograph (NIVS)
Figure 2-6: Set up of Plate holder in 3-m NIVS 
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2.3.5 The spectral recording of Selenium ion on 3-m NIVS 
The spectra of selenium ions were photographed on 3-m normal Incidence 
vacuum spectrograph of St. Francis Xavier’s University, Antigonish by Prof. Tauheed 
Ahmad in collaboration with Prof. Y. N. Joshi. The spectrum was photographed in the 
wavelength region of 300-2050 Å using a triggered spark source [5] where the 
charging potential was provided by a 14.5μF low inductance capacitor charged 
between 2kV- 6kV.  Spectroscopically pure selenium was packed into the cavity of 
aluminium electrodes. The choice of aluminium was made due to the fact that 
aluminium has very few lines in this wavelength region of the spectrum and only a 
few strong known lines appear on our plates. The electrodes separation was about 3 
mm. For a well developed spectrum, the total number of spark was taken in between 
40-50. To differentiate the spectral lines of various ionization stages, at least 4-5 
tracks were photographed on each plates under varied experimental conditions such as 
electric current and voltage but keeping number of spark shots same. This was 
achieved by inserting low, medium, or high inductances in series with the spark 
circuit or by varying the charging potential within the limits of 2 kV to 6 kV. The 
inductances were made of copper wire, 2 mm in diameter, wounded on a cylinder of 
diameter 24 cm in turns separated by about 4 mm. A low inductance coil had 8 or 9 
turns of wire, a medium one had about 25 turns, and the high inductance had 40 to 50 
or even higher turns.  
To record the complete spectrum, the spectrograph was operated in two modes 
by employing eagle on plane mounting. In the first setting, the angle of incidence was 
fixed at nine degree (i=9.5˚) which covers the 250–1200 Å wavelength range whereas 
in the second setting the angle of incidence was fixed at seventeen degree (i=17.5˚) 
that covers the spectral region of 1000–2050 Å as shown in Figure 2-8 (top & 
bottom). Therefore, these two settings provide fairly good overlapping region of 150 
Å to normalize the intensities and to find the correspondence for establishing 
ionization separation characteristics in two sets of recording. The plates used were 
Kodak SWR plates. The plates were developed in a Kodak D-19 developer (about 3 
minutes) and then fixed at F-5 Kodak rapid fixer (for 5-10 minutes).  
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Figure 2-8: Outline of 3-meter normal incidence vacuum spectrograph. 
Top: Angle of incidence = 9.5
o 
covering spectral range of 250 Å <λ<1200 Å 
Bottom: Angle of incidence = 17.5
o 
covering spectral range of 1000 Å <λ<2050 Å 
 
For the spectrum from Antigonish lab, generally a 2400 lines/mm grating was 
used however, we also had plates that were recorded on 1200 lines/mm grating that 
covers wavelength region up to 2400 Å in the first order. The plate factor in this case 
was 2.78 Å/mm. This spectrum was useful especially above 2000 Å. Generally, the 
uncertainty of unblended lines for this grating is about ±0.010 Å. But in this region of 
spectrum, it was, however, difficult to find sufficient number of unblended reference 
lines, and the wavelength uncertainty is estimated to be ±0.020 Å. The characteristics 
of the 3-m and 10-m NIVS are summarized in  
Table 2-1. 
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2.3.6 High resolution spectrum from 10.7 m NIVS at NIST 
 Our spectrum of selenium was supplemented by the high resolution recordings 
made by Prof. Y. N. Joshi at National Institute of Standards and Technology, 
Gaithersburg, USA [20]. A brief description of the experimental arrangement is 
presented here. NIST 10.7 m NIVS was equipped with a grating of 1200 lines/mm, 
blazed for 1200Å in the first order. The plate factor was 0.78 Å/mm. The spectrum 
was photographed in the wavelength region of 525-1200 Å on 10.7 m normal 
incidence spectrograph in the NIST laboratory in Washington. Figure 2-9 shows the 
experimental arrangement of NIST 10.7 m VUV spectrograph. The light source used 
was again the three-electrode vacuum spark as described by Feldman [5] and also in 
section 2.2.1. Capacitors of 4.7μF or 14.2μF were used at voltages varying in the 
range of 5 to 12 kV. Spectroscopically pure selenium was packed into an axial cavity 
of aluminium electrode which served as cathode, whereas pure aluminium electrode 
was used as anode. The electrode separation was about 3 mm. The charging potential 
was varied from 5 to 12 kV and charging conditions of discharge were further 
controlled by inserting series induction coil in the circuit. All exposures were taken on 
Kodak SWR plates.  Ionization stages were differentiated by comparing the intensities 
of the lines under varied experimental conditions. Due to the fact that the 
spectrograph was stigmatic, the spectrum lines of different ionization stages showed a 
pole effect [21] of varying degree. The lines belonging to Se II, Se III, Se IV and Se V 
did not show any pole effect whereas the lines belonging to Se VI, Se VII, and Se 
VIII exhibited the pole effect (short length appearance) of various degrees. Also, the 
lines of Se VI, Se VII and Se VIII were quite distinguishable due to sharp declining in 
the intensity. The intensity of Se VI lines tapered off from top to bottom along with 
the length of lines while the intensity tapering for Se VII was much more enhanced. 
Therefore, the pole effect provided a very reliable means to discriminate various 
higher ionization stages of the selenium spectra.  This particular behaviour of lines 
exhibiting different ionization stages are shown in Figure 2-10. 
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Figure 2-9: NIST 10.7 m normal incidence VUV Spectrograph 
 
 
Figure 2-10: Selenium Spectra in the region of 595-618 Å on 10.7 m NIVS using 
triggered spark source. The charging potentials were (a) 12 kV, (b) 10kV, (c) 8kV, (d) 
6kV (e) 5kV, and (f) 10kV. Se VI, Se VII and Se VIII lines exhibit “pole effect” of 
various degrees. Se III, Se IV and Se V lines did not show any pole effect 
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2.3.7 Spectrum on 1.5 m Wadsworth Spectrograph 
The spectral range from 2400-8000Å, was photographed on 1.5-m Wadsworth 
spectrograph using open air spark light source at Department of Physics, Aligarh 
Muslim University. Spectroscopically pure selenium metal pellets (99.99%) from 
Sigma Aldrich were filled in the aluminium electrodes. To cover the complete 
wavelength region, grating of 1200 lines/mm and 600 lines/mm were used. The first 
grating was used to cover 2200–4800 Å region whereas the second grating covers the 
4300–9000 Å region. The selenium spectrum was photographed on a commercially 
available film and was superimposed with the spectrum of Hg-vapor lamp at different 
slit length to identify the lines of impurity like aluminium, oxygen and carbon, useful 
for wavelength calibration. The wavelength accuracy of these lines was not as good as 
available data of S. George Thesis [22] and therefore not being used in level 
optimization. For level optimization, wavelength data from [22] was used.  However, 
new recordings were very useful   in establishing the ionization characteristic.  At this 
point, the Se II spectrum needs a special mention for which highly accurate 
measurements in this region were made on 2-m FTS and FT 700 FTS of NIST 
(U.S.A.) as briefly described in the following section.   
 
    Fourier transform Spectroscopy and Instrumentation  
Fourier Transform Spectroscopy exploited the interferometer designed by A. 
A. Michelson in 1881. Fourier Transform Spectroscopy (FTS) is a non-destructive 
technique, where rapid, accurate and detailed spectral analysis of radiation is made. 
Michelson and Rayleigh had realized that, through Fourier transformation, the 
interference pattern obtained by Michelson interferometer can be transformed into 
spectrum. Up to 1950, the use of Michelson interferometer was restricted only to 
resolve the fine spectral lines but with the discovery of Fellgett advantage (1951) or 
the multiplex advantage (due to which, all spectral elements of the incident radiation 
could be observed all the time), and the Jacquinot advantage (1954) or the large 
throughput advantage, established the superiority of the interferometric techniques 
over the best quality grating spectroscopy instruments. Another milestone in the 
prominence of the FTS was due to the development of Fast Fourier Transform 
algorithm by Cooley and Tukey in 1964, which drastically reduces the computation 
time required to carry out the Fourier transformation. Of course, the developments of 
Chapter -2  
 
46 
  
small helium-neon gas lasers and small dedicated computers also made the FTS 
technique very powerful.  
2.3.8 What is a Fourier Transform Spectrometer? 
A Fourier transform spectrometer is based on the Michelson interferometer. In 
the FTS, the incident light is focused onto a circular entrance aperture. Then a 
collimated beam of light is divided by a beam splitter (ideally 50% transmitting and 
50% reflecting) and send to the two mirrors.  Each of the beams is being reflected 
back by these two mirrors along the same path to the beam splitter, where they 
interfere. Depending on the wavelength of the light and optical path difference (OPD) 
between the beam splitter and the two mirrors, the two beams will interfere 
constructively or destructively. When the OPD (retardation) between the two beams is 
zero or a multiple of the λ, where λ being the wavelength of the incident radiation, the 
recombining beam are exactly in phase and therefore, interfere constructively. In this 
case, the detector receives the intensity of the radiation as the sum of the intensity of 
the two beams.  All the radiation goes to the detector and none returns to the source.  
If the OPD is an odd multiple of half the wavelength (λ/2) of the incident light, the 
phase between the beams will be exactly 180
o 
(out of phase) and will interfere 
destructively. Therefore, the intensity of the radiation at detector will be zero resulting 
in a dark output. All the radiation returns to the source. Actually in the Fourier 
transform spectrometer, one of the mirrors is fixed perpendicular to the beam 
direction and other moving at constant speed in the direction parallel to the light 
beam.  Due to the moving mirror, there is a change in the path difference between two 
arms of the interferometer; hence the beam undergoes periodic constructive and 
destructive inference resulting into alternate dark and bright fringes. If the source is 
monochromatic, the signal at the detector (the interferogram) will vary sinusoidally 
and for polychromatic source signal at detector will vary depending on the individual 
sinusoidal variations. The signal will be a composite of the component interferogram. 
The optical layout of Fourier transform spectrometer (FTS) is presented in Figure 
2-11.  
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Figure 2-11: Michelson interferometer optical layout 
The user records an interferogram, the intensity of the recombined beam as a 
function of the path length difference produced by the scanning mirror, by placing a 
detector, such as a photodiode or photomultiplier tube, in the path of the recombined 
beam. Taking an inverse Fourier transform of the interferogram recovers the 
spectrum.  
The intensity of the radiation at the detector, Io(x) can be expressed as a 
function of the x (OPD) which is given in the units of cm  
                           
Where       is the intensity of the monochromatic source radiation of 
wavenumber   . There is a change in x due to scanning of one of the mirror which 
results in the variation of intensity at the detector and therefore the interferogram thus 
obtained is a cosine function of a wavenumber, or spatial frequency,      
If the incoming light is polychromatic (spans many wavelengths), the signal at the 
detector is the superposition of such cosines,  
                         
 
  
            
The useful feature of the Fourier transform is the reciprocal relationship: 
                          
 
  
                  
    Equation 2-1 
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This expression relates the intensity of a spectral component to the 
interferogram at the detector. The Fourier Transform converts from one domain 
(retardation, x) to a reciprocal domain (wavenumber, σ) which is more practical. If x 
is measured in cm, then σ is measured in cm-1.  
The expression in Equation 2-1 implies that spectral information can be 
obtained over the entire range of wavenumber from - to  cm-1 with high resolving 
power. This necessitates the requirement of retardation or OPD to be  cm, with 
varying infinite numbers of measurements. The practical restriction limits the 
movement of scanning mirror to a finite length and collecting a manageable number 
of data points, basically limits the resolution and spectral range.  
2.3.9 Detectors Choice  
The spectral region of interest for the analysis of line enhancement for Se II 
lies between 41700 and 6450 cm
−1
, which corresponds to wavelengths approximately 
in the region 240 nm to 1550 nm. This spectral region lies in the ultraviolet region to 
the infrared region of electromagnetic spectrum. The detectors used in the 
experiments were photomultiplier tubes (PMT) manufactured to operate within the 
region between 20000 and 50000 cm
-1
 and InSb detector within the range of 12500 to 
4000 cm
-1
. 
2.3.10 Experiment  with  Fourier Transform Spectrometer 
The experiment on NIST Fourier transform spectrometer was done with 
Gillian Nave during my stay at NIST under Obama-Singh STEM-ER program of 
Ohio State University. We have used two spectrometers at NIST that are amongst the 
best in the world for the observation of high-resolution spectra. These two 
spectrometers are 2-m FTS and FT700 FTS covering the range of 2300Å to 5.5μm 
[23] and 1400Å to 9000Å [24] respectively. The Fourier transform spectra taken on 
NIST 2-m FTS and FT700 spectrometer are used for singly ionized selenium. The 
source used to record the spectra using FTS was a high current hollow cathode lamp 
(HCL) which runs either in neon or argon gas. The HCL emits line of neutral or 
singly ionized element, lines of carrier gas, and a few impurities lines. The subsequent 
section will describe the experimental details of these two spectrometers. 
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2.3.11 NIST Fourier Transform Spectrometer  FT700 
The NIST FT700 Fourier transform spectrometer was originally designed at 
Imperial College, London, UK [25], and was built by the Chelsa Instruments, UK. 
The FT700 is a scanning interferometer of Mach-Zehnder type. This instrument was 
further modified to improve the performance as well as to extend its spectral range of 
coverage into the vacuum ultraviolet region. The main optical components are shown 
in Figure 2-12 which consists of a beam splitter, a beam combiner, and two retro-
reflectors. The beam splitter made of calcium fluoride single crystal which eventually 
extended the wavelength range of spectrometer down to vacuum ultraviolet region 
(~1400 Å). The retro-reflectors are of the “Cats-Eye” type consisting of a parabolic 
primary mirror and a small flat secondary mirror at the focus of primary mirror. All 
the mirrors are coated with aluminium and magnesium fluoride layers. 
 
 
 
Figure 2-12: Cross sectional view of FT700 Fourier transform spectrometer 
All the optical components are housed in vacuum tank of dimension 1.5m x 
0.25m x 0.25m inside the tank, cats-eye retro-reflecting mirrors are held in place by 
two cages. Light enters the spectrometer through one of the apertures on aperture 
wheel that is mounted on an optical bench.  The beams are being passed through the 
retro-reflector assemblies at both ends of the optical bench with a beam splitter 
mounted at the centre. From both retro-reflectors, beam comes back to the combiner 
kept at the centre. One of the cages having scanning cats-eye retro reflecting mirror is 
set to move at a constant velocity with a linear motor on a ball bearing to change the 
optical path difference upto 20 cm between the two arms of the spectrometer giving a 
resolution limit dσ = 0.025 cm-1 (dσ = 1/2L) or a resolving power (R) of 2x106 at 200 
A B 
Input  
Window 
Vacuum Chamber Cell 
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nm (R = σ/dσ). Making this the world's highest resolution broadband UV FTS [24, 
25]. All output beams from the beam combiner are imaged onto two photomultiplier 
detectors. One of the superiority of this interferometer is that no light is reflected back 
to the source.   
The resolution of the interferometer is severally impacted if the incoming 
beam is not anti-parallel with the exiting beam and to ensure this requirement of anti-
parallelism the cats-eye mirrors were used which are basically tilt-invariant, meaning 
the cats-eye mirror ensure an outgoing beam to be anti-parallel with the incoming 
beam regardless of the angle of incidence. Figure 2-13 provides the ray diagram for 
cats-eye mirrors. 
 
Figure 2-13: Ray diagram for the cats-eye mirrors in the NIST FTS 
However, the use of cats-eye causes a lateral displacement in the reflected 
beams, relative to the incident beams, leading to dispersive optical paths [25]. To get 
rid of this lateral displacement, a custom-cut plate carved from a single crystal of 
calcium fluoride Figure 2-14 was used which serves both as a beam splitter and 
recombiner [24]. 
 
Figure 2-14: Beam splitter 
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The NIST FTS, is like its twin in London, sets the beam splitter at 5
o
 of an 
incidence angle instead of mostly employed 45
o
 in the traditional interferometer. This 
set-up helps to reduce the vacuum tank volume maximize surface area use and reduce 
undesirable polarization in the beam splitter [19]. The cats-eye mirrors also introduce 
multiple optical planes Figure 2-15, permitting dual outputs. In a standard FTS, the 
output of the Michelson interferometer is a beam anti-parallel and another 
perpendicular to the input beam. The input beam, then, obstructs the anti-parallel 
output beam, and therefore, only the perpendicular output beam may be sampled. The 
cats-eye mirrors in the NIST FTS vertically displace the input beam so that the 
reflected output beam travels in an upper plane. Each output channel, A and B, is 
collected independently. One can double the number of interferogram recorded at a 
time, a boon for the signal-to-noise ratio, by collecting the same spectral range at each 
output. Alternatively, one can collect two spectral ranges simultaneously by using two 
different detectors [26].  
The position of moving cats-eye retro-reflector is monitored through a single 
mode frequency stabilized Helium-Neon (He-Ne) laser which serves as a reference 
light beam. The laser beam (reference beam) follows a path parallel in the middle 
level to the signal through the FTS. The cats-eyes introduce horizontal displacement 
(as opposed to the vertical displacement in the signal) in the laser reflections. The 
calcium fluoride block has spots to serve as the laser beam splitter and recombiner 
Figure 2-14. Evenly spaced He-Ne interference fringes are obtained by scanning the 
mobile mirror. These fringes are then used to calculate mirror's displacement.  
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Figure 2-15: Optical levels in the NIST FTS result from the cats-eye mirrors 
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Figure 2-16 shows a block diagram of the data acquisition system which was 
developed at NIST for FT700 spectrometer following Brault’s design. 
 
Figure 2-16: Schematic of the FT700 data acquisition system 
 
The sampling system uses a dual-channel delta-sigma analog to digital 
convertor made for the digital audio market (Crystal Semiconductor CS5396) to 
sample the amplified detector signal at 80 kHz with a resolution of 24 bits. The 
digitized raw interferograms are transferred to a personal computer with a general 
purpose processor via, a high-speed serial interface for processing during the 
acquisition of an interferogram. A 24-bit counter and a stable oscillator are used to 
measure the time between subsequent reference laser fringe pulses. This establishes 
the instantaneous velocity of the scanning retro-reflector during a scan. Since the 
wavelength of the He-Ne reference laser is much longer than the wavelength in the 
vacuum ultraviolet it is almost always necessary to sample at the path difference 
intervals that are shorter than those defined by the laser wavelength. The fringe times 
are therefore uses to reconstruct the interferogram at the desired equidistant path 
difference intervals using a simple polynomial interpolation algorithm. An anti-
aliasing filter is applied to the interferogram in real time during the data acquisition.  
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2.3.12 NIST 2-m FTS 
The NIST 2-m FTS [23]consists of a folded Michelson interferometer with 
two cats-eye retro-reflectors as described in section 2.3.11. Both of the cats-eye run 
on a rail consisting of an oil bearing and linear motor. Both cats-eye run along the 
track but in opposite direction with path difference being zero when both cats-eye are 
at the centre. The length of each rail on which cats-eye are moving is one meter long, 
therefore giving a total path difference of 2 m, resulting a maximum possible 
resolution of 0.0025 cm
-1
. The spectrometer was fitted with a CaF2 beam splitter, 
silver coated mirrors and InSb detector. The optical components which consist of a 
beam splitter, a beam combiner, and two retro-reflectors are housed in a vacuum 
chamber. The main optical components are shown in Figure 2-18. 
The optimum alignment of the spectrometer depends slightly on wavelength. 
Therefore, to cover whole spectral region, two interferograms were optimized for 
different wavelength regions. In the first region, wavelengths between 800 and 2000 
nm was optimized and for wavelengths greater than 2000 nm another optimization 
was made. The important characteristics of FT700 and 2-m FT spectrometers are 
summarized in Table 2-2.  
Table 2-2: Characteristics of NIST FT700 and NIST 2-m FTS 
Parameters NIST FT700 FTS NIST 2-m FTS 
Wavelength range 140 nm - 1000 nm 200 nm-5.5 μm 
Spectral resolution 0.025 cm
-1
 (min.) 0.0025 cm
-1 
(max.) 
Resolving power 2.8x10
6
 (max.) 4x10
6 
(max.) 
Detectors Photomultipliers Silicon photodiodes  
Indium Antimonide (InSb) 
Interferometer type Scanning Mach-Zehnder Folded Michelson 
Interferometer 
Retro-reflector type Cats-eye (parabolic primary 
and flat secondary) 
Cats-eye (parabolic primary 
and flat secondary) 
Mirror coating Al+MgF2  Silver coating 
Beam Splitter 
Material 
Calcium Fluoride or fused 
silica 
Calcium Fluoride (CaF2) or 
fused silica 
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Figure 2-17: Photograph of 2-m FT spectrometer with vacuum chamber lifted away 
 
 
Figure 2-18: Schematic of 2-m FT spectrometer 
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2.3.13 Spectrum Measurement at NIST FT700 and 2-m FTS 
The spectra of singly ionized selenium ion in the spectral region of 240 nm-
1500 nm were taken on NIST FT700 FTS and 2-m NIST FST spectrometers using 
low current sealed hollow cathode lamp and high current continuously pumped 
hollow cathode lamp (HCL) [4]. Figure 2-17 and Figure 2-19 shows the view of 2-m 
FTS and FT700 FTS during the experiment. The high current hollow cathode lamp is 
basically demountable lamp and has an interchangeable cathode insert which allows 
observation of different elements. Spectroscopically pure selenium chips were 
inserted inside the cathode insert (a 60 mm long hollow cylinder of pure copper with 8 
mm bore) and electrodes were adjusted and electrically insulated by precisely 
manufactured glass spacers. The whole system of HCL was vacuum sealed by 
vacuum compatible O-ring and attached with the spectrometer with proper optical 
focusing and then the slit was made to close. Both the spectrometer and demountable 
HCL source chamber were connected with the rotator and diffusion pump separately 
and electronic connections along with the cooling arrangements for the HCL were 
made. Then, both the spectrometer tank and the demountable source chamber were 
thoroughly evacuated and a vacuum of the order of 10
-5
 Torr was achieved with the 
help of high vacuum pump and the pressure was monitored through active gauge 
controller. All the vacuum compatible components were used in order to avoid any 
outgasing. The HCL was operated with stabilized current and pressure. The optimum 
running pressure on FT700 and 2-m FTS are given in Table 2-3 for better S/N ratio. 
Before turning on the HCL power supply, the source chamber was evacuated and 
filled with the buffer gas (He, Ar, Ne, etc) or mixture of gases. We used either pure 
Neon, or mixture of Neon with Helium in different ratio. When the HCL high-voltage 
power supply was turned on, and the current increased beyond approximately 50 mA, 
these selenium metal chips vaporized completely, deposing a thin layer of selenium 
onto the surface of the cathode. This sputtering continued for longer time due to slow 
sputtering rate, allowing spectra to be taken. After a few hour of lamp operation 
(approximately two and half hours), the cathode was replenished as the signal to noise 
(S/N) ratio became too low for accurate wavelength measurements. The details of 
measurement are given in Table 2-3. 
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Table 2-3: FTS spectra used in the analysis 
Name Lower 
wavenumber 
Upper  
Wavenumber 
Resolution Gas Press. Current Detector 
     
cm
-1
 cm
-1
 cm
-1
  Torr Amp  
 
NIST 2-m FTS spectrometer. Beam Splitter Silica 
Se0709.001 8000 2500 0.01 Ne/He 0.5/2 0.26 InSb 
Se0709.002 8000 2500 0.01 Ne 1.7 0.5 InSb 
NIST FT700 spectrometer. Beam splitter: Silica 
Se010815.004 2400 10000 0.06 Ne/He 2/0.5 1.5 R106UH 
(PMT)  
Se010815.005 2400 10000 0.06 Ne/He 2/0.5 0.3 R106UH 
(PMT) 
FTS measurements were made with Hamamatsu R106UH photomultiplier 
tube (PMT) detector in the range of 240 nm to 8000 nm with a resolution of 0.06 cm
-1
 
using FT700 spectrometer. Whereas, for wavelength region of 800 nm to 1.5 μm, the 
spectra were taken on 2-m FTS of resolution on 0.01 cm
-1
 with InSb detector using 
mixture of Ne/He in the ratio of 0.5/2 Torr as buffer gas at 26 mA current  and also 
with pure neon (1.7 Torr) at 50 mA current (see Table 2-3). At this resolution all 
observed lines were fully resolved to Doppler widths. Selenium interferogram 
consisted of minimum eight co-adds and maximum of 64 co-add (for details, see 
Table 2-3). Our best spectra were taken with 64 co-added scans taken consecutively 
over a period of about 1 hour 35 min; maximizing the S/N of Se II line in the time 
available before replenishing the selenium. These were then transformed with the 
XGremlin FTS analysis package [27]. The other spectra were also taken at both lower 
and higher currents and pressures, as listed Table 2-3, to check for systematic shifts in 
line wavenumber related to the lamp running conditions. The spectra were reduced 
and analyzed using an interactive program XGremlin [27] based on the Decomp code 
by Brault & Adams [28], where a Voigt profile was fitted to the line. In an ideal 
experimental condition, the obtained interferogram is symmetric about zero path 
difference, i.e.  I(-x) = I(x), but in real situation, the obtained interferogram is not 
perfectly symmetric since the true peak of the interferogram is rarely sampled. 
Therefore, to account for this asymmetry, phase correction is required.  
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Figure 2-19: NIST FT700 spectrometer during experiment 
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2.4       Measurements and Wavelength Calibration 
The high resolution and accuracy of spectrometers on current and planned 
space observatories make stringent demands on the quality of laboratory 
measurements used to interpret the astrophysical spectra. Analysis of complex atomic 
spectrum also requires a high degree of accuracy and internal consistency in the 
wavelength lists on which the analysis is based.  
2.4.1 Grating measurements  
Figure 2-20 shows a portion of the selenium spectrogram taken on normal 
incidence vacuum spectrograph consisting of several spectral lines separated from 
each other. These lines are separated due to differences in wavelengths, therefore 
wavelength can be traced by measuring the difference in position between these lines. 
For spectral analysis of selenium ions, the relative positions of spectral lines were 
measured using a Zeiss Abbe comparator at the Aligarh Muslim University (India) as 
well as at the NIST semi-automatic Grant's comparator.  For the purpose of spectral 
analysis, we also estimated visually the relative intensities (photographic emulsion 
blackening and width of the spectral line) and line characteristics such as 
sharpness/broadness, polarity, asymmetry, length, haziness etc which provides 
additional  support for  ionization discrimination, comparison with theoretical 
transition probability, line blending problem. These information are required because 
every recorded spectrum consists of lines belonging to several ionization stages and 
also each spectral line belong to one particular transition with specified transition 
probability.  
 
Figure 2-20: Spectrum recorded on 3-m normal incidence vacuum spectrograph in 
the wavelength region 336-326 Å 
 
After measuring the relative positions of all spectral lines on a spectrogram, 
the complete spectra were calibrated using highly accurate internal standards of C II 
[29, 30], C III [9, 29, 31], C IV [32], O II [33], O III [34], O IV [35], Al II [29, 36], 
Al III [29, 32], Si II [29, 32], Si III [37], and Si IV [32] having uncertainty          
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to obtain a second or third-degree polynomial fit. The standard deviation of our fit is 
in the range of 0.002 to 0.0075 depending on the spectral region. For sharp or 
unblended lines the uncertainty of our measurement is estimated to be 0.006 Å. The 
contributors to the total uncertainty for individual line are due to uncertainty in 
reference wavelengths giving rise to systematic uncertainty and statistical 
uncertainties in measuring the line positions on the plates. To minimize the systematic 
uncertainty which is due to uncertainty in reference, about 70 % of reference lines 
having uncertainty less than 0.003Å were used, except in some of the regions due to 
lack of reference data we have used lines with uncertainty less than or equal to 0.005 
Å. Following the procedure adopted by Harris et.al. [25], we also estimated the 
statistical uncertainty which is related to the line appearance (full width at half 
maxima). We repeatedly measured a small portion of the spectrogram for ten times, 
which basically provides the position reproducibility. On Abbe comparator the 
position of sharp and unblended spectral lines can be measured with uncertainty of 
2 μm for the shortest wavelengths and up to 5 μm for the longest ones, which 
corresponds to statistical uncertainty of 0.003 Å at 900 Å and 0.007 Å at 1900 Å. The 
statistical uncertainty of wide lines was estimated by extrapolation, i.e., by 
multiplying the uncertainty of narrow lines in the same region by the ratio of the line 
widths, yielding uncertainties as large as 0.02 Å [25]. The uncertainty was doubled for 
lines which were blended, hazy and weak having difficulty to observe visually. The 
statistical uncertainty of the line was reduced with the multiple measurements of the 
wavelength, leaving the uncertainty of the reference lines as the main contributor in 
final uncertainty.  Therefore, the final uncertainty for sharp lines below 1050 Å is 
0.006 Å and 0.02 Å for very wide and blended lines. All uncertainties reported in the 
present work are meant to be on the level of one standard deviation. 
2.5.2 FTS measurement and Calibration 
For the analysis of Selenium ions, the data were reduced and analyzed using 
the interactive program XGREMLIN [27], which is an X-windows implementation of 
Braults’s GREMLIN [28]. Before calibration, Dr. Gillian Nave at NIST performs the 
phase correction for all the spectra taken on NIST FTS as part of the signal 
processing. Each emission lines with signal to noise ratio greater than 20 were fitted 
using Voigt function to obtain the wave-numbers, peak intensities, line widths, and 
Voigt line shape parameters using XGREMLIN [27]. Since the wavenumber scale 
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produced by FT spectrometer is inherently linear to a high degree, but one or more 
accurately known internal standard lines were  used to derive a multiplicative 
wavenumber correction factor due to the following reasons: (i) the laser and the 
source follow a slightly different path through the instrument, thus at any one point 
the path differences will not be the same, (ii) the laser is a point source (~nearly), but 
the source has a finite entrance aperture as  shown by Learner & Thorne that this 
affects the wavenumber scale and (iii) the beam splitter of the FTS is slightly 
dispersive.  
For the present wok we used accurate published measurements of Ne II [38] 
for wavenumber calibration. Therefore, the wave numbers were being corrected by 
determining the multiplicative correction factor ki using highly accurate internal 
standards.  
Where ki is defined as,  
   
      
      
   
Where,         highly accurate wave number measurement of standard lines, 
and        is the uncorrected wavenumber of the same line from observed spectrum. 
The wavenumber correction factor for the spectrum k is calculated from the weighted 
mean of the ki.. 
The uncertainty in the individual wave number correction factor        is the 
sum in the quadrature of relative uncertainty in the standard wavenumber and the 
relative statistical uncertainty of the measured line: 
       
      
      
 
 
  
     
      
 
 
 
                                                                                                                                              Equation 2-2 
Where       is the statistical uncertainty in the line centroid calculated using 
equation 9.2 of Davi et al. [39].  
      
  
         
 
 
Where Wi is the measured line width at half maximum,      is the measured 
signal- to-noise ratio of the line, and Nw,i is the number of significant points in the 
width of the line, which is equal to the line width divided by the spectral resolution. 
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The overall correction factor for the spectrum, k, was taken to be the mean of 
the individual line correction factors, weighted by the inverse square of their 
uncertainties: 
  
      
  
     
   
This correction factor was being used to correct all wavenumber in the 
spectrum by multiplying with a factor (1+k). Therefore all wavenumbers in the 
spectrum are corrected by multiplying the factor (1+k). The uncertainty in k is taken 
to be the standard error of the mean individual ki values. 
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Figure 2-21: Top: Wavenumber correction factor of Se II, using Neon II (3p-3d) 
wavenumber standards [38]. Uncertainties in this plot are calculated via Equation 2-2. 
Bottom: Difference between the Neon II standards [38] and corrected observed 
wavenumber from above correction factor (k=(3.99±0.343)*10
-7
)  
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Figure 2-22: Top: wavenumber correction factor of Se II, using Neon II (3s-3p) 
wavenumber standards [38]. Uncertainties in this plot are calculated via Equation 2-2. 
 Bottom: Difference between the Neon II standards [38] and corrected observed 
wavenumber from above correction factor (k=3.80±0.205)*10
-7
). 
 
2.5.3 Archival Data from University of British Columbia 
Due to interest in the atomic data by astrophysicist, technologist and also for the 
development of laser, selenium spectra were investigated by various groups 
internationally.  The major available archival data for selenium ions come from the 
work done at University of British Columbia by S. George during his Ph.D. thesis [22]. 
He photographed the selenium spectra from infra-red to the vacuum ultra violet using 
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two light sources: an electrode less spark discharge and spark in helium on a variety of 
spectrographs [22].  The spectral line list from George [22] consists of 2800 selenium 
lines in the range of 345-10450 Å out of which he identified 774 lines belonging to Se I 
(64 lines), Se II(301 lines), Se III (272), Se IV(82), Se V (55) and Se VI (8) leaving 
more than 2000 lines unidentified. Among them, a few interferometric measurements 
for Se II and Se III were also reported. Depending on the spectrograph used, 
wavelength uncertainty varied greatly. 
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Chapter 3  
The Second Spectrum of Selenium: Se II 
3.1.   Introduction 
Singly ionized selenium (Se II) is an As-like ion with the ground state 
electronic configuration [Ar]3d
10
4s
2
4p
3
 and the ground-state term 
4
S
o
3/2. Presently 
available spectroscopic information on Se II compiled in Moore’s Atomic Energy 
Levels (AEL) [1] and Atomic Spectra Database (ASD) of the National Institute of 
Standard and Technology [2] are based on the earlier work of Martin [3]. The earlier 
work on Se II started with the wavelength measurements by Bloch and Bloch [4] in 
the region of 6780 - 2190 Å. Later Lacorte [5] added new measurements up to 1235 Å 
and Goudet [6] to 332 Å, while Bartelt [7], Krishnamurthy and Rao [8] and Martin [3] 
extended the observation up to infra red region. During the period of 1934-1935, the 
primary spectral analysis was done by Bartelt [7] and Krishnamurty [9] while 
extensive analysis was done by Bartelt [10], Krishnamurty and Rao [8] and Martin 
[3]. Both extensive work by Krishnamurty and Rao [8] and Martin [3] include the 
configurations 4s
2
4p
3
, 4s4p
4
, 4s
2
4p
2
[4d+5d+5s+6s] while Bartelt [7] include two more 
configurations namely 4s
2
4p
2
4f and 4s
2
4p
2
5f which are being excluded from 
Krishnamurty and Rao [8] and Martin [3] analysis. Both the analysis by Krishnamurty 
and Rao [8] and Martin [3] differ widely with the Bartelt [7] work but are in close 
agreement with each other. Out of seventy seven levels reported by Martin [3], thirty 
three levels are without any designation and being just numbered running from 1 to 
36. Later to provide a confirmation to the work on Se II as reported in ref [3, 7, 8]; 
[11] and Bosch [12] measured the Zeeman effect of the lines. Loring [11] reported 
that the Zeeman effect of the measured lines are in close agreement with the Matrin's 
[3] analysis except a change of odd level namely 21
o
 should be a J=3/2 instead of J= 
5/2 as reported by Martin [3]. However, Bosch (from NIST Bibliography Database 
[2]) pointed about various changes in the J value as well as suggested level 
designation of a few levels as reported by Martin [3] without any designation. He also 
confirmed a few of the designations of Krishnamurty [8] to be correct which was just 
reported by Martin [3] without any designation and also mentioned the 
incompleteness of Se II spectrum.  From our primary investigation, we found serious 
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irregularities in the published results [3, 7, 8]. Some levels have been reported without 
any designation or even configuration. Recently, it’s very next isoelectronic member 
Br III (NIST ASD [2]) was investigated in our laboratory and it was found that a large 
number of published levels were rejected, several levels were revised designations as 
well as J values. The ionization potential was revised by more than 8000 cm
-1
. 
Therefore, a similar old work in Se II was suspected to be doubtful and a thorough 
investigation of this spectrum was seriously needed. Consequently, we took Se II 
analysis in detail.  
As mentioned earlier, we have good wavelength data in vacuum ultraviolet 
region and an extended line list available online above 2000Å up to 10000Å from 
Simon George's Ph.D. Thesis [13]. This range of data was enough to undertake a 
comprehensive study of Se II. However, when George's line list was critically 
evaluated we noticed larger uncertainty in the higher wavelength region. Therefore, 
high resolution spectra were recorded on 2-m NIST Fourier transform spectrometer 
and NIST FT 700 Fourier transform spectrometer in the wavelength region 2400 -
25000 Å. The experimental details of FTS recordings have already been given in the 
previous chapter. For a detail investigation of Se II it would be appropriate to describe 
in detail the level structure of Se II as under: 
Table 3-1: Level Structure of Se II 
The Ground configuration of Se II is [Ar] 3d
10
4s
2
4p
3
 with 
4
S3/2 ground state 
Configuration
a
 Parent Term Term
b
 J 
    3d
10
.4s
2
.4p
3 
 
 
(
4S˚) 
(
2D˚) 
(
2P˚) 
4
S˚ 
2
D
o
 
2
P
o
 
3/2 
3/2, 5/2 
1/2 , 3/2  
3d
10
.4s
2
.4p
2
.nd (
3
P) 
4
F 3/2, 5/2, 7/2, 9/2 
  
4
D 1/2, 3/2, 5/2, 7/2 
  
4
P 1/2, 3/2, 5/2 
  
2
F 5/2, 7/2 
  
2
D 3/2, 5/2 
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Configuration
a
 Parent Term Term
b
 J 
    
  
2
P 1/2, 3/2 
 
(
1
D) 
2
G 5/2, 7/2 
 
 
 
 
(
1
S) 
2
F 
2
D 
2
P 
2
D 
3/2, 5/2 
3/2, 5/2 
1/2, 3/2 
3/2, 5/2 
 
 
 
3d
10
.4s
2
.4p
2
.ns 
 
 
 
3d
10
.4s.4p
4
 
 
 
3d
10
.4s
2
.4p
2
.5p     
 
        
                                                                      
(
3
P) 
 
 
(
3
P) 
 
(
1
D) 
(
1
S) 
(
3
P) 
(
1
D) 
(
1
S) 
(
3
P) 
 
 
(1D) 
 
 
(1S) 
2
F 
2
D 
2
P 
4
P 
2
P 
2
D 
2
S 
4
P 
2
D 
2
S 
4
D˚ 
4P
o 
4S
o 
2F
o 
2D
o 
2P
o 
2P
o
 
    5/2, 7/2 
    3/2, 5/2   
    1/2  3/2 
    1/2, 3/2, 5/2 
    1/2, 3/2 
    13/2, 5/2  
    1/2 
    1/2, 3/2, 5/2 
    3/2, 5/2 
    1/2 
    1/2, 3/2, 5/2, 7/2 
    1/2, 3/2, 5/2 
     3/2 
     5/2, 7/2 
     3/2, 5/2 
     1/2, 3/2 
     1/2, 3/2 
a
 To the given configurations, the Kernel structure ‘[Ar]’ must be added before each of it for the 
completeness of electronic structure. The principal quantum number, n ≥ 4 for all ℓ. 
b 
The  ordering of levels are governs by Hund’s rule for the fine structures. 
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Figure 3-1: Grotrian Diagram for Se II 
3.3      Theoretical Calculations  
The theoretical atomic calculations for energy levels, wavelengths, oscillator 
strength and transition probabilities of Se II, were made use of Cowan’s codes [14] 
[15] which work on the formalism of Hartree–Fock (HF) method which includes 
perturbative effect due to relativistic and configuration-interaction (CI).  
We used Cowan’s atomic structure package [14] [15] to calculate the solution 
for relativistic HF equations including the configuration interaction (HFR) for Se II 
and also for the studied ions in the isoelectronic series. We adjusted the values of the 
Slater energy parameters, viz., the average configuration energy (Eav), the Coulomb 
integrals (F
k
, G
k
 and R
k
), and the spin-orbit parameters (ζnl) along the isoelectronic 
sequence to fit the experimental energy levels of  Se II by means of a least-squares 
fitted parametric calculations. The calculated energy values, their composition, 
weighted transition probability rate gA and weighted oscillator strengths log gf were 
obtained. 
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3.4 Configuration Interaction Calculations  
We conducted Multi-configuration interaction Hartree-Fock calculations [14] 
[15] with twenty one even and fourteen odd configurations. In the even parity 
system, we included the following configurations:  
                         
 
   
 
   
                            
                                      
 
The following configurations were incorporated for the odd parity matrix: 
                         
 
   
 
   
                     
As we know for sure that 4s
2
4p
3
 
4
S3/2 the ground most level has certainly 0.0 
cm
-1
 energy, we tried to match this value with our ab initio calculated position, which 
normally calculates a negative value. We, therefore, shifted all the average energies 
of the configurations by +18882 cm
−
1. The ab initio energy parameters were initially 
scaled using factors taken from the isoelectronic species Br III [2].  Therefore, the 
initial scaling of Slater parameters for Eav and ζnl was 100% of the HFR values, F
k
 at 
85%, G
k
 and R
k
 parameters were scaled to 75 % of the HFR values. A very strong 
configuration mixing was noticed. The mean energies of 4s
2
4p
2
4d and 4s4p
4
 differ 
only by 2000 cm
-1
 and the proximity of the two configurations results in the mixing 
of levels. 
3.5 Spectral Analysis 
            The energy parameters and the energy levels for odd party configurations viz.,  
4s
2
4p
3
 and 4s4p
2
5p configurations could be predicted from the isoelectronic sequence 
using least square fitting (LSF) [2] in combination with Hartree-Fock (HF) [14] 
methods. However, a similar isoelectronic sequence extension was not possible for 
even parity configurations namely 4s4p
4
, 4s
2
4p
2 
[4d+5d+5s+6s] due to the strong 
interaction among themselves. Therefore, as a consequence CI calculations were 
carried out. This spectrum was thus investigated here in more detail with the help of 
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Relativistic Hartree-Fock calculations. Our investigation was based on the study of 
4s
2
4p
3
- [4s
2
4p
2
(4d+5d+5s+6s)+4s4p
4
] transition array. The previously reported 
analysis has been revised extensively and out of fifty-two reported levels, thirteen 
were rejected and new level values were found. Moreover, the levels given without 
designation or configuration assignments are now well interpreted with Hartree-Fock 
calculations. 
                   Apart from even parity configurations, similar designations were also 
given for odd parity levels. Consequently, we also extended our investigation to 
include 4s
2
4p
2
5p and 4s
2
4p
2
4f configurations. Almost all the levels of 4s
2
4p
2
5p 
configuration have been found but 4s
2
4p
2
4f is still unknown. All lines classified in the 
present scheme (Table 3-2) have Se II ionization characteristics  
3.5.1 4s24p3 -  4s24p2(ns+nd) +4s4p4 transition array 
                The first task was to confirm the reported ground levels. The lowest excited 
configuration was 4s4p
4
 and this contains three levels of 
4
P which gives very strong 
transitions from the ground 4s
2
4p
3
 
4
S
o
3/2 level. We found all three strong transitions 
with right Se II ionization characteristic. This confirms the three 4s4p
4
 
4
P levels. 
Further they paved the way to establish the other ground levels. We observed 
transitions from these levels to ground 
2
D3/3, 5/2 levels with right intervals and this 
confirms the 4s
2
4p
3
 
2
D levels. The other doublets of 4s4p
4
 configurations (
2
D, 
2
P and 
2
S) could be established soon which also helped to confirmed the remaining ground 
levels. All five ground levels were confirmed in this work. However, only three 
quartets (
4
P) of 4s4p
4 
could be confirmed and the remaining five doublets were newly 
established. The 4s4p
4
 
2
S1/2 is strongly mixed with five other levels (4s
2
4p
2
4d 
2
S, 
4s
2
4p
2
5s 
2
S, 4s
2
4p
2
5d 
2
P, 4s
2
4p
2
5d 
4
D and 4s
2
4p
2
5d 
2
S), and could be assigned only 
as a second component at 141594 cm
-1 
with 31% LS composition. Similarly 4s4p4 
2
P1/2 is also mixed with the levels of four other configurations, namely 4p
2
 (4d, 5d, 
6d, and 7s) and virtually has no specific place to be assigned. The 4s4p
4
 
2
P3/2 is not 
any better. We had difficulty in assigning this level as it keeps changing its place 
with slight change of parameters and show no first place contribution.  
                 We must mention that four earlier given levels [96517.4, 96655.3, 98118 
and 99368.5 cm
-1
] designated as 1, 2, 3 & 4 could not be confirmed in the present 
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work as they did not give satisfactory transitions. Moreover, they did not fit with our 
calculated level values and therefore, got rejected. One of the earlier level given as 
4s4p
4
 
2
P3/2 is now being confirmed as 4s
2
4p
2
5s 
2
P3/2 level. The level assigned as no. 5 
is now being confirmed as 4s4p
4
 
2
D5/2 and a new level value has been found for 4s4p
4
 
2
D3/2. These both levels are also quite regular on the isoelectronic plots (Figure 3-3). 
As I Se II Br  III Kr IV Rb V Sr VI Y VII Zr VIII Nb IX Mo X
15
20
25
30
35
 
 
E
/(









c
m



 (sp
4
)
2
D 
5/2
 (sp
4
)
2
D 
3/2
 
Figure 3-2: Isoelectronic plots for 4s4p
3
 D3/2, ½ with new level values for Se 
II and values for other members are taken from ref.  [2].  
Proceeding further, the levels of the configurations 4s
2
4p
2
4d and 4s
2
4p
2
5s 
were searched. In the process, we came across in conflict with the reported levels 
designated as level no. 5, 8, 17, 24, 28, 30, 31, 33 & 34 which could not be confirmed 
in the present work. The remaining seventeen level values were confirmed as Se II 
levels belonging to 4s
2
4p
2 
(4d, 5d, 5s & 6s)  configurations which are described in 
more detail in subsequent section.   
Out of eight levels of 4s
2
4p
2
5s, we confirmed five levels and found new level 
values for 4p
2
5s (
3
P) 
2
P3/2, 4p
2
5s (
1
D) 
2
D5/2 and 4p
2
5s (
1
S) 
2
S1/2. These newly found 
levels were further compared on isoelectronic sequence and found quite regular as 
shown in Figure 3-3. 
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As I Se II Br  III Kr IV Rb V Sr VI Y VII Zr VIII Nb IX Mo X --
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Figure 3-3: Isoelectronic plots for 4p
2
5s levels values for Se II, whereas for other 
members the level values are taken from [2]. 
3.5.2 The 4s24p2[6s+5d] configurations 
            Of the eight possible levels of 4p
2
6s configuration, Martin [3] reported only 
five of them, viz., 
4
P5/2, 3/2, 1/2 and 
2
P3/2, 1/2. We could confirmed only 
4
P3/2, 1/2 levels but 
revised the other reported levels due to two reasons. Firstly, they do not give the 
strongly predicted transitions in accordance with our predictions and secondly 
2
P 
levels showing large deviation from the LSF calculations. We also found three 
remaining levels of this configuration. Next 4s
2
4p
2
5d configuration was taken. Out of 
twenty eight levels, Martin had established only four levels (
4
F) and none of them 
were confirmed in our analysis except 
4
F9/2 as it does not connect with the levels of 
ground configuration. We found new level values for 
4
F7/2, 5/2, 3/2 and established other 
eleven levels belonging to 4s
2
4p
2
5d configuration. 
3.5.3 The levels of 4s24p25p 
This is the next excitation of the excited configurations 4s
2
4p(ns + nd). This 
configuration consists of 21 levels, out of which Martin reported eighteen levels with 
level designation. In addition to the levels for 4s
2
4p25p, Martin also reported three 
levels at 121051.5, 126329.7 and 131165.4 without any configuration assignment and 
designated and named as 14
o
, 18
o
, 23
o
 respectively. We study this configuration from 
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our new measurements on FTS and identified established the levels for this 
configuration based on its transition from FTS measurements only.  The transitions 
from 4s
2
4p
2
5p to 4s
2
4p
2
4d and 4s
2
4p
2
5s lies in the range of 2000-10000 Å, which is 
being confirmed through high resolution observation made on FTS at NIST using 
HCL which is suitable for neutral or singly ionised lines. We started to confirm the 
reported work by Martin through its transition from 4s4p
4
, 4s
2
4s
2
4d and 4s
2
4p
2
5s 
configurations and found three levels at 121051.5, 126329.7 and 132189.6 designated 
as 14
o
, 18
o
 and 4s
2
4p
2
(
2
D)5p 
2
P3/2.  One of the level designated as 21
o
 is now 
designated as 4s
2
4p
2
 (
1
D) 
2
D5/2. Rest of the reported values by Martin [3] are 
confirmed as the levels of 4s
2
4p
2
5p configuration whereas four level have changed 
their designations. Presently 81 energy levels of Se II belonging to 4s
2
4p
3 
and 
4s
2
4p
2
[4d+5d+5s+6s+4s4p4+5p] configurations are known. The classified lines are 
given in Table 3-2. The optimized energy level values along with their LS percentage 
compositions are given in Table 3-3 and Table 3-4 for different parirties where as the 
energy parameters obtained from least squares fitted parametric calculations are given 
in Table 3-5. The parameters control is mentioned in the footnotes of the table.  
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Table 3-2: List of classified lines in Se II spectrum  
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
60   693.094(7) 144281 693.094(7) 0 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
P1/2 0 144280.5 6.84E+09 TW 
35   694.835(7) 143919 694.832(4) 0.003 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
P5/2 0 143919.6 1.24E+10 TW 
100   697.638(7) 143341 697.641(3) -0.003 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
P3/2 0 143340.2 1.22E+10 TW 
60   709.514(7) 140942 709.514(7) 0 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
D5/2 0 140941.5 5.49E+09 TW 
85   710.186(7) 140808 710.186(7) 0 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
D3/2 0 140808.1 1.79E+09 TW 
20   710.474(7) 140751 710.476(5) -0.002 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
D1/2 0 140750.8 2.91E+08 TW 
22   721.789(7) 138545 721.792(3) -0.003 4s
2
4p
3
       (
4
S)
4
S3/2 5d          (
3
P)
4
F5/2 0 138544 5.63E+08 TW 
300 B  722.756(14) 138359 722.737(4) 0.019 4s
2
4p
3
       (
4
S)
4
S3/2 6s          (
3
P)
4
P5/2 0 138362.9 2.98E+09 TW 
75   728.083(7) 137347 728.083(7) 0 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
1
S)2D5/2 0 137347 1.68E+08 TW 
13   733.614(7) 136311 733.617(4) -0.002 4s
2
4p
3
       (
4
S)
4
S3/2 6s          (
3
P)2P1/2 0 136311 7.94E+07 TW 
20   746.036(7) 134042 746.038(5) -0.002 4s
2
4p
3
       (
4
S)
4
S3/2 6s          (
3
P)
4
P1/2 0 134041.5 4.94E+08 TW 
14   749.675(7) 133391 749.667(3) 0.008 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
1
D)2D5/2 0 133392.5 1.10E+08 TW 
32   753.898(7) 132644 753.897(4) 0.002 4s
2
4p
3
       (
2
D)
2
D3/2 5d          (
3
P)2D5/2 13168.06 145812.2 2.21E+09 TW 
50   756.987(7) 132103 756.989(4) -0.002 4s
2
4p
3
       (
2
D)
2
D3/2 5d          (
3
P)2D3/2 13168.06 145270.3 4.85E+09 TW 
70   757.418(7) 132028 757.417(4) 0.001 4s
2
4p
3
       (
2
D)
2
D5/2 5d          (
3
P)2D5/2 13784.55 145812.2 5.39E+09 TW 
95   760.537(7) 131486 760.539(4) -0.002 4s
2
4p
3
       (
2
D)
2
D5/2 5d          (
3
P)2D3/2 13784.55 145270.3 3.86E+09 TW 
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Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
50   764.802(7) 130753 764.809(5) -0.008 4s
2
4p
3
       (
2
D)
2
D3/2 5d          (
3
P)
4
P5/2 13168.06 143919.6 2.36E+08 TW 
14   768.211(7) 130173 768.214(4) -0.003 4s
2
4p
3
       (2D)
2
D3/2 5d          (
3
P)
4
P3/2 13168.06 143340.2 6.24E+07 TW 
55  B 775.086(10) 129018 775.081(3) 0.005 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
1
D)
2
P3/2 0 129018.8 6.07E+08 TW 
55  B 775.086(10) 129018 775.086(10) 0 4s
2
4p
3
       (
2
D)
2
D3/2 5d          (
3
P)
2
F5/2 13168.06 142186 1.17E+10 TW 
150  B 778.672(14) 128424 778.661(4) 0.011 4s
2
4p
3
       (
2
D)
2
D3/2 4p
4
          (
1
S)
2
S1/2 13168.06 141593.7 6.59E+07 TW 
40   782.046(7) 127870 782.044(3) 0.003 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
1
D)
2
P1/2 0 127870.1 1.82E+08 TW 
75   783.806(7) 127583 783.805(5) 0.001 4s
2
4p
3
       (
2
D)
2
D3/2 5d          (
3
P)
4
D1/2 13168.06 140750.8 8.58E+08 TW 
23   795.216(7) 125752 795.216(7) 0 4s
2
4p
3
       (
2
D)
2
D5/2 5d          (
3
P)
4
F7/2 13784.55 139536.6 7.77E+08 TW 
42   796.554(7) 125541 796.554(3) 0 4s
2
4p
3
       (
2
D)
2
D3/2 6s          (
3
P)
2
P3/2 13168.06 138708.9 5.42E+07 TW 
100   797.603(7) 125376 797.601(4) 0.001 4s
2
4p
3
       (
2
D)
2
D3/2 5d          (
3
P)
4
F5/2 13168.06 138544 7.50E+08 TW 
60   798.753(7) 125195 798.755(5) -0.002 4s
2
4p
3
       (
2
D)
2
D3/2 6s          (
3
P)
4
P5/2 13168.06 138362.9 4.65E+07 TW 
140   800.483(7) 124925 800.484(3) -0.001 4s
2
4p
3
       (
2
D)
2
D5/2 6s          (
3
P)
2
P3/2 13784.55 138708.9 6.29E+09 TW 
75   801.546(7) 124759 801.542(4) 0.003 4s
2
4p
3
       (
2
D)
2
D5/2 5d          (
3
P)
4
F5/2 13784.55 138544 2.03E+08 TW 
100   802.706(7) 124579 802.708(5) -0.002 4s
2
4p
3
      (
2
D)
2
D5/2 6s          (
3
P)
4
P5/2 13784.55 138362.9 7.01E+07 TW 
50   803.094(7) 124518 803.091(5) 0.003 4s
2
4p
3
      (
2
D)
2
D3/2 5d          (
3
P)
4
F3/2 13168.06 137686.9 1.29E+08 TW 
90   803.671(7) 124429 803.67(5) 0.001 4s
2
4p
3
      (
2
D)
2
D3/2 5d          (
3
P)
2
P1/2 13168.06 137597.3 1.05E+10 TW 
8   807.26(7) 123876 807.26(7) 0 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
1
S)
2
D3/2 13784.55 137660.4 1.89E+07 TW 
Chapter -3 
 
79 
 
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
45  B 812.075(14) 123141 812.064(5) 0.011 4s
2
4p
3
       (
2
D)
2
D3/2 6s          (
3
P)
2
P1/2 13168.06 136311 4.59E+07 TW 
2  B 812.884(14) 123019 812.882(4) 0.002 4s
2
4p
3
       (
2
D)
2
D3/2 4p
4
        (
3
P)
2
P3/2 13168.06 136187.2 1.25E+08 TW 
28   814.857(7) 122721 814.844(3) 0.013 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
3
P)
2
D5/2 0 122722.9 2.77E+08 TW 
15   816.559(7) 122465 816.558(6) 0.002 4s
2
4p
3
       (
2
D)
2
D3/2 6s          (
3
P)
4
P3/2 13168.06 135633.4 1.98E+08 TW 
120   816.983(7) 122402 816.976(4) 0.008 4s
2
4p
3
       (
2
D)
2
D5/2 4p
4
        (
3
P)
2
P3/2 13784.55 136187.2 1.41E+10 TW 
220   818.107(7) 122234 818.102(5) 0.004 4s
2
4p
3
       (
2
P)
2
P1/2 5d          (
3
P)
2
D3/2 23036.19 145270.3 1.54E+10 TW 
140   820.215(7) 121919 820.217(5) -0.002 4s
2
4p
3
       (
2
P)
2
P3/2 5d          (
3
P)
2
D5/2 23893.2 145812.2 1.14E+10 TW 
130  B 820.682(14) 121850 820.689(6) -0.007 4s
2
4p
3
       (
2
D)
2
D5/2 6s          (
3
P)
4
P3/2 13784.55 135633.4 1.31E+09 TW 
20   821.472(7) 121733 821.471(3) 0.001 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
3
P)
2
D3/2 0 121732.9 7.52E+07 TW 
27   827.313(7) 120873 827.312(5) 0.001 4s
2
4p
3
       (
2
D)
2
D3/2 6s          (
3
P)
4
P1/2 13168.06 134041.5 2.37E+08 TW 
220   828.477(7) 120703 828.477(7) 0 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
3
P)
4
P1/2 0 120703.4 1.93E+10 TW 
90   831.774(7) 120225 831.778(4) -0.004 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
1
D)
2
D5/2 13168.06 133392.5 8.01E+08 TW 
115  B 833.16(10) 120025 833.15(5) 0.01 4s
2
4p
3
       (
2
P)
2
P3/2 5d          (
3
P)
4
P5/2 23893.2 143919.6 3.83E+08 TW 
115  B 833.16(10) 120025 833.153(4) 0.006 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
1
D)
2
D3/2 13168.06 133194 2.88E+10 TW 
250   836.074(7) 119607 836.065(4) 0.01 4s
2
4p
3
      (
2
D)
2
D5/2 4d          (
1
D)
2
D5/2 13784.55 133392.5 3.22E+10 TW 
35   837.196(7) 119446 837.191(5) 0.005 4s
2
4p
3
      (
2
P)
2
P3/2 5d          (
3
P)
4
P3/2 23893.2 143340.2 7.74E+07 TW 
25   837.464(7) 119408 837.455(4) 0.009 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
1
D)
2
D3/2 13784.55 133194 7.40E+06 TW 
Chapter -3 
 
80 
 
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
60   839.513(7) 119117 839.493(5) 0.02 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
3
P)
4
P5/2 0 119119.5 5.46E+10 TW 
15   843.481(7) 118556 843.473(5) 0.008 4s
2
4p
3
       
(2
P)
2
P1/2 4p
4
        (
1
S)
2
S1/2 23036.19 141593.7 2.51E+09 TW 
30   849.603(7) 117702 849.614(5) -0.011 4s
2
4p
3
       
(2
P)
2
P3/2 4p
4
        (
1
S)
2
S1/2 23893.2 141593.7 7.80E+09 TW 
15   864.51(7) 115672 864.508(4) 0.002 4s
2
4p
3
       
(2
P)
2
P1/2 6s           (3P)
2
P3/2 23036.19 138708.9 1.38E+07 TW 
25   867.805(7) 115233 867.798(4) 0.007 4s
2
4p
3
       
(2
D)
2
D5/2 4d          (
1
D)
2
P3/2 13784.55 129018.8 6.74E+09 TW 
12   870.96(7) 114816 870.961(4) -0.001 4s
2
4p
3
       
(2
P)
2
P3/2 6s          (
3
P)
2
P3/2 23893.2 138708.9 9.39E+08 TW 
22   871.831(7) 114701 871.824(3) 0.007 4s
2
4p
3
       
(2
D)
2
D3/2 4d          (
1
D)
2
P1/2 13168.06 127870.1 4.19E+09 TW 
28  B 872.21(10) 114651 872.214(6) -0.004 4s
2
4p
3
       
(2
P)
2
P1/2 5d          (
3
P)
4
F3/2 23036.19 137686.9 1.03E+09 TW 
28  B 872.21(10) 114651 872.214(5) -0.004 4s
2
4p
3
       
(2
P)
2
P3/2 5d          (
3
P)
4
F5/2 23893.2 138544 1.93E+08 TW 
10   872.895(7) 114561 872.897(5) -0.001 4s
2
4p
3
       
(2
P)
2
P1/2 5d          (
3
P)
2
P1/2 23036.19 137597.3 1.02E+09 TW 
30   882.621(7) 113299 882.616(5) 0.005 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
1
D)
2
F5/2 13168.06 126467.6 2.44E+10 TW 
15   882.807(7) 113275 882.809(5) -0.001 4s
2
4p
3
       (
2
P)
2
P1/2 6s          (
3
P)
2
P1/2 23036.19 136311 1.26E+09 TW 
7   883.774(7) 113151 883.775(4) 0 4s
2
4p
3
       (
2
P)
2
P1/2 4p
4
        (
3
P)
2
P3/2 23036.19 136187.2 4.76E+08 TW 
35   887.44(7) 112684 887.445(5) -0.005 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
1
D)
2
F5/2 13784.55 126467.6 9.84E+09 TW 
25   890.514(7) 112295 890.52(4) -0.006 4s
2
4p
3
       (
2
P)
2
P3/2 4p
4
         (
3
P)
2
P3/2 23893.2 136187.2 2.10E+09 TW 
55   891.465(7) 112175 891.465(7) 0 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
1
D)
2
F7/2 13784.55 125959.4 5.95E+10 TW 
20   903.611(7) 110667 903.614(4) -0.003 4s
2
4p
3
       (
2
D)
2
D3/2 5s          (
1
S)
2
S1/2 13168.06 123834.8 1.60E+08 TW 
Chapter -3 
 
81 
 
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
15   906.629(7) 110299 906.636(3) -0.008 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
3
P)
4
D5/2 0 110297.8 5.95E+08 TW 
13   907.779(7) 110159 907.789(5) -0.01 4s
2
4p
3
       (
2
P)
2
P1/2 4d          (
1
D)
2
D3/2 23036.19 133194 2.23E+09 TW 
55   912.784(7) 109555 912.785(4) -0.001 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
2
D5/2 13168.06 122722.9 1.82E+10 TW 
25   913.237(7) 109501 913.248(4) -0.011 4s
2
4p
3
       (
2
P)
2
P3/2 4d          (
1
D)
2
D5/2 23893.2 133392.5 5.95E+09 TW 
42   917.939(7) 108940 917.95(4) -0.012 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
2
D5/2 13784.55 122722.9 5.23E+09 TW 
17   918.82(7) 108835 918.841(3) -0.021 4s
2
4p
3
       (
4
S)
4
S3/2 4d          (
3
P)
2
F5/2 0 108832.7 3.79E+08 TW 
50   921.101(7) 108566 921.109(3) -0.008 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
2
D3/2 13168.06 121732.9 3.61E+09 TW 
10   922.873(7) 108357 922.892(3) -0.019 4s
2
4p
3
       (
4
S)
4
S3/2 5s          (
1
D)
2
D5/2 0 108355 7.46E+07 TW 
17   926.356(7) 107950 926.369(3) -0.013 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
2
D3/2 13784.55 121732.9 7.05E+08 TW 
5   940.698(7) 106304 940.698(7) 0 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
4
P3/2 13784.55 120088.6 1.81E+08 TW 
15  B 943.549(10) 105983 943.549(10) 0 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
1
D)
2
G7/2 13784.55 119767.4 1.36E+09 TW 
15  B 943.549(10) 105983 943.551(5) -0.002 4s
2
4p
3
       (
2
P)
2
P1/2 4d          (
1
D)
2
P3/2 23036.19 129018.8 9.63E+08 TW 
3  B 943.795(14) 105955 943.829(6) -0.034 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
4
P5/2 13168.06 119119.5 7.64E+07 TW 
60   951.236(7) 105126 951.243(5) -0.007 4s
2
4p
3
       (
2
P)
2
P3/2 4d          (
1
D)
2
P3/2 23893.2 129018.8 1.26E+10 TW 
40   953.888(7) 104834 953.89(4) -0.002 4s
2
4p
3
       (
2
P)
2
P1/2 4d          (
1
D)
2
P1/2 23036.19 127870.1 4.66E+09 TW 
17   961.748(7) 103977 961.752(4) -0.004 4s
2
4p
3
       (
2
P)
2
P3/2 4d          (
1
D)
2
P1/2 23893.2 127870.1 8.99E+08 TW 
10   983.95(7) 101631 983.954(3) -0.004 4s
2
4p
3
       (
4
S)
4
S3/2 4p
4
        (
1
D)
2
D5/2 0 101630.8 1.16E+08 TW 
Chapter -3 
 
82 
 
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
35   992.082(7) 100798 992.077(4) 0.005 4s
2
4p
3
       (
2
P)
2
P1/2 5s          (
1
S)
2
S1/2 23036.19 123834.8 1.61E+09 TW 
15   997.059(7) 100295 997.061(3) -0.001 4s
2
4p
3
       (
4
S)
4
S3/2 5s          (
3
P)
2
P3/2 0 100294.8 1.44E+08 TW 
25   1000.583(7) 99941.7 1000.584(4) -0.001 4s
2
4p
3
       (
2
P)
2
P3/2 5s          (
1
S)
2
S1/2 23893.2 123834.8 2.57E+09 TW 
15   1011.165(7) 98895.8 1011.176(3) -0.01 4s
2
4p
3
       (
4
S)
4
S3/2 5s          (
3
P)
2
P1/2 0 98894.8 8.10E+07 TW 
65   1011.843(7) 98829.6 1011.842(4) 0.001 4s
2
4p
3
       (
2
P)
2
P3/2 4d          (
3
P)
2
D5/2 23893.2 122722.9 5.98E+09 TW 
65   1013.217(7) 98695.5 1013.205(4) 0.012 4s
2
4p
3
       (
2
P)
2
P1/2 4d          (
3
P)
2
D3/2 23036.19 121732.9 6.71E+09 TW 
65   1013.45(7) 98672.8 1013.447(4) 0.003 4s
2
4p
3
       (
4
S)
4
S3/2 5s          (
3
P)
4
P5/2 0 98673.1 6.35E+09 TW 
40   1013.973(7) 98622 1013.973(7) 0 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
4
D7/2 13784.55 112406.6 9.71E+08 TW 
25   1022.084(7) 97839.3 1022.08(4) 0.004 4s
2
4p
3
       (
2
P)
2
P3/2 4d          (
3
P)
2
D3/2 23893.2 121732.9 1.05E+09 TW 
22   1029.561(7) 97128.7 1029.551(4) 0.011 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
4
D5/2 13168.06 110297.8 3.63E+08 TW 
78   1033.564(7) 96752.6 1033.566(3) -0.002 4s
2
4p
3
       (
4
S)
4
S3/2 5s          (
3
P)
4
P3/2 0 96752.4 3.89E+09 TW 
15   1036.138(7) 96512.2 1036.127(4) 0.011 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
4
D5/2 13784.55 110297.8 1.39E+08 TW 
25   1045.316(7) 95664.9 1045.318(4) -0.002 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
2
F5/2 13168.06 108832.7 1.12E+08 TW 
75   1049.527(7) 95281 1049.533(4) -0.006 4s
2
4p
3
      (
2
D)
2
D3/2 5s          (
1
D)
2
D3/2 13168.06 108448.5 3.69E+09 TW 
3  B 1050.106(14) 95228.5 1050.13(8) -0.024 4s
2
4p
3
      (
2
P)
2
P3/2 4d          (
3
P)
4
P5/2 23893.2 119119.5 1.12E+08 TW 
40   1050.574(7) 95186.1 1050.564(4) 0.009 4s
2
4p
3
      (
2
D)
2
D3/2 5s          (
1
D)
2
D5/2 13168.06 108355 1.23E+09 TW 
25   1052.096(7) 95048.4 1052.098(4) -0.002 4s
2
4p
3
      (
2
D)
2
D5/2 4d          (
3
P)
2
F5/2 13784.55 108832.7 1.41E+09 TW 
Chapter -3 
 
83 
 
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
65   1057.417(7) 94570.1 1057.413(4) 0.004 4s
2
4p
3       
 (
2
D)
2
D5/2 5s          (
1
D)
2
D5/2 13784.55 108355 4.79E+09 TW 
30   1077.532(7) 92804.7 1077.54(4) -0.009 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
2
P1/2 13168.06 105972 7.08E+08 TW 
190   1090.438(7) 91706.3 1090.449(5) -0.011 4s
2
4p
3
       (
2
D)
2
D3/2 4d          (
3
P)
4
F5/2 13168.06 104873.4 8.71E+07 TW 
8   1092.598(7) 91525 1092.602(3) -0.004 4s
2
4p
3        
 (
2
D)
2
D3/2 4d          (
3
P)
4
F3/2 13168.06 104692.7 1.34E+06 TW 
17   1097.839(7) 91088 1097.829(5) 0.01 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
4
F5/2 13784.55 104873.4 2.76E+05 TW 
40   1100.003(7) 90908.8 1100.011(4) -0.008 4s
2
4p
3
       (
2
D)
2
D5/2 4d          (
3
P)
4
F3/2 13784.55 104692.7 1.41E+07 TW 
30   1130.426(7) 88462.2 1130.419(4) 0.007 4s
2
4p
3
        (
2
D)
2
D3/2 4p
4
        (
1
D)
2
D5/2 13168.06 101630.8 7.82E+05 TW 
60   1133.959(7) 88186.6 1133.966(4) -0.007 4s
2
4p
3
        (
2
D)
2
D3/2 4p
4
        (
1
D)
2
D3/2 13168.06 101354.1 2.15E+05 TW 
17   1138.352(7) 87846.3 1138.353(4) -0.001 4s
2
4p
3
        (
2
D)
2
D5/2 4p
4
        (1D)
2
D5/2 13784.55 101630.8 5.45E+06 TW 
999   1141.961(7) 87568.7 1141.949(4) 0.012 4s
2
4p
3
        (
2
D)
2
D5/2 4p
4
        (
1
D)
2
D3/2 13784.55 101354.1 1.61E+09 TW 
75   1155.941(7) 86509.6 1155.932(4) 0.009 4s
2
4p
3
        (
2
D)
2
D5/2 5s          (
3
P)
2
P3/2 13784.55 100294.8 2.15E+09 TW 
160   1156.913(7) 86436.9 1156.913(7) 0 4s
2
4p
3
        (
2
P)
2
P1/2 4d          (
3
P)
4
D1/2 23036.19 109473.1 7.25E+07 TW 
17   1157.334(7) 86405.5 1157.346(4) -0.012 4s
2
4p
3
        (
2
P)
2
P3/2 4d          (
3
P)
4
D5/2 23893.2 110297.8 7.84E+06 TW 
80   1166.494(7) 85727 1166.497(4) -0.003 4s
2
4p
3
        (
2
D)
2
D3/2 5s          (
3
P)
2
P1/2 13168.06 98894.8 2.52E+09 TW 
200   1166.821(7) 85703 1166.821(7) 0 4s
2
4p
3
        (
2
P)
2
P3/2 4d          (
3
P)
4
D3/2 23893.2 109596.2 8.62E+07 TW 
40   1168.517(7) 85578.6 1168.512(5) 0.004 4s
2
4p
3
         (
4
S)
4
S3/2 4p
4
        (
3
P)
4
P3/2 0 85578.9 6.26E+07 TW 
30   1169.529(7) 85504.5 1169.522(5) 0.007 4s
2
4p
3
         (
2
D)
2
D3/2 5s          (
3
P)
4
P5/2 13168.06 98673.1 1.02E+07 TW 
Chapter -3 
 
84 
 
Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
40   1170.8(7) 85411.7 1170.791(5) 0.009 4s
2
4p
3
         (
2
P)
2
P1/2 5s          (
1
D)
2
D3/2 23036.19 108448.5 2.15E+08 TW 
150   1177.324(7) 84938.4 1177.309(5) 0.015 4s
2
4p
3
         (
2
P)
2
P3/2 4d          (
3
P)
2
F5/2 23893.2 108832.7 1.45E+08 TW 
75   1178.007(7) 84889.1 1178.015(5) -0.008 4s
2
4p
3
         (
2
D)
2
D5/2 5s          (
3
P)
4
P5/2 13784.55 98673.1 1.80E+08 TW 
100  B 1182.643(15) 84556.4 1182.658(6) -0.015 4s
2
4p
3
         (
2
P)
2
P3/2 5s          (
1
D)
2
D3/2 23893.2 108448.5 1.22E+09 TW 
85  B 1183.969(15) 84461.7 1183.967(5) 0.002 4s
2
4p
3
      (
2
P)
2
P3/2 5s          (
1
D)
2
D5/2 23893.2 108355 5.60E+08 TW 
250   1192.241(7) 83875.7 1192.226(4) 0.015 4s
2
4p
3
      (
4
S)
4
S3/2 4p
4
        (
3
P)
4
P5/2 0 83876.7 1.25E+08 TW 
30   1196.403(7) 83583.9 1196.396(4) 0.007 4s
2
4p
3
      (
2
D)
2
D3/2 5s          (
3
P)
4
P3/2 13168.06 96752.4 3.39E+07 TW 
75   1205.274(7) 82968.7 1205.286(4) -0.012 4s
2
4p
3
      (
2
D)
2
D5/2 5s          (
3
P)
4
P3/2 13784.55 96752.4 1.52E+08 TW 
85   1205.758(7) 82935.4 1205.752(5) 0.006 4s
2
4p
3
      (
2
P)
2
P1/2 4d          (
3
P)
2
P1/2 23036.19 105972 4.59E+08 TW 
2   1212.903(7) 82446.8 1212.903(7) 0 4s
2
4p
3
       (
2
P)
2
P1/2 4d          (
3
P)
2
P3/2 23036.19 105483 3.91E+08 TW 
90   1218.001(7) 82101.8 1218.001(7) 0 4s
2
4p
3
       (
2
D)
2
D3/2 5s          (
3
P)
4
P1/2 13168.06 95269.8 1.45E+08 TW 
280   1218.342(7) 82078.8 1218.341(5) 0 4s
2
4p
3
       (
2
P)
2
P3/2 4d          (
3
P)
2
P1/2 23893.2 105972 1.24E+08 TW 
20   1224.646(7) 81656.2 1224.642(4) 0.004 4s
2
4p
3
       (
2
P)
2
P1/2 4d          (
3
P)
4
F3/2 23036.19 104692.7 2.79E+07 TW 
150   1237.635(7) 80799.3 1237.631(4) 0.004 4s
2
4p
3
      (2P)2P3/2 4d          (
3
P)
4
F3/2 23893.2 104692.7 5.51E+05 TW 
95   1276.844(7) 78318.1 1276.847(5) -0.003 4s
2
4p
3
        (
2
P)
2
P1/2 4p
4
        (
1
D)
2
D3/2 23036.19 101354.1 2.41E+08 TW 
26  B 1286.377(10) 77737.7 1286.379(5) -0.002 4s24p3      (
2
P)
2
P3/2 4p
4
         (
1
D)
2
D5/2 23893.2 101630.8 5.86E+07 TW 
75   1294.34(8) 77259.5 1294.354(5) -0.014 4s
2
4p
3
        (
2
P)
2
P1/2 5s          (
3
P)
2
P3/2 23036.19 100294.8 9.41E+07 TW 
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Iobs
a
       Char.
b
 λobs
c 
Å 
     σobs            
cm
-1
 
λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 
gA
f
       
S
-1
 
Lin. Ref 
h
 
400   1308.88(8) 76401.2 1308.873(5) 0.007 4s
2
4p
3
       (
2
P)
2
P3/2 5s          (
3
P)
2
P3/2 23893.2 100294.8 3.38E+08 TW 
999   1318.25(8) 75858.1 1318.242(5) 0.008 4s
2
4p
3
       (
2
P)
2
P1/2 5s          (
3
P)
2
P1/2 23036.19 98894.8 3.50E+08 TW 
100   1333.308(8) 75001.4 1333.305(5) 0.003 4s
2
4p
3
       (
2
P)
2
P3/2 5s          (
3
P)
2
P1/2 23893.2 98894.8 5.57E+07 TW 
65   1372.518(8) 72858.8 1372.51(5) 0.008 4s
2
4p
3
       (
2
P)
2
P3/2 5s          (
3
P)
4
P3/2 23893.2 96752.4 2.50E+07 TW 
5  B 1392.875(16) 71794 1392.867(8) 0.008 4s
2
4p
3
       (
2
D)
2
D5/2 4p
4
        (
3
P)
4
P3/2 13784.55 85578.9 1.79E+06 TW 
7  S 1401.03(24) 71376.1 1401.019(9) 0.011 4s
2
4p
3
       (
2
P)
2
P3/2 5s           (
3
P)
4
P1/2 23893.2 95269.8 1.13E+07 TW 
20   1414.26(8) 70708.3 1414.254(4) 0.006 4s
2
4p
3
       (
2
D)
2
D3/2 4p
4
         (
3
P)
4
P5/2 13168.06 83876.7 1.02E+06 TW 
15   1426.687(8) 70092.5 1426.693(5) -0.007 4s
2
4p
3
       (
2
D)
2
D5/2 4p
4
         (
3
P)
4
P5/2 13784.55 83876.7 3.12E+06 TW 
180  B 1577.221(10) 63402.7 1577.242(7) -0.021 4s
2
4p
3
       (
2
P)
2
P1/2 4p
4
         (
3
P)
4
P1/2 23036.19 86438 5.26E+05 TW 
18   1598.868(8) 62544.2 1598.854(7) 0.014 4s
2
4p
3
       (
2
P)
2
P3/2 4p
4
         (
3
P)
4
P1/2 23893.2 86438 1.69E+05 TW 
10  B 1621.105(16) 61686.3 1621.121(10) -0.017 4s
2
4p
3
       (
2
P)
2
P3/2 4p
4
         (
3
P)
4
P3/2 23893.2 85578.9 1.03E+06 TW 
40   1667.117(8) 59983.8 1667.125(6) -0.008 4s
2
4p
3
       (
2
P)
2
P3/2 4p
4
         (
3
P)
4
P5/2 23893.2 83876.7 8.19E+05 TW 
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a
 Observed relative intensities on visual scale of (1-1000). 
 b
 Character of observed line: B—blurred line; S—shoulder line. 
c
 Observed and Ritz wavelengths are given in standard air for wavenumbers σ between 5000 cm
−1 
and 41 666 cm
−1
 and in vacuum outside of this range. The 
uncertainty (standard deviation) in the last digit is given in parentheses. 
d
 Ritz wavelengths and their uncertainties were determined in the least-squares level optimization procedure LOPT. 
e
 Difference between observed and Ritz wavelength. If this column is blank, and λobs is not blank, this line alone determines one of the levels involved in the assigned 
transition.  
f
 In the weighted (g=2J+1), statistical weight of upper level) transition probability values, the number after the ‘+’ or ‘−’ symbol means the power of 10. CF: the given TP 
values are too unreliable when cancellation factor |CF|<0.10 in Cowan code.  
g
 References to observed wavelengths: TW: taken from this work (TW). 
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Table 3-3: Optimized energy levels for odd configurations in Se II 
Configuration Term J 
Energy
 a
 
cm
−1
   
Leading percentages 
c
 
ΔEo−c
 d
 
cm
−1
 
No. of 
lines
 e
 
4p3 
2
P
o
 1/2 23036.2 
 
98% 16% 
  
266.2 19 
4p
2
5p (
3
P)
2
S
o
 1/2 113048 
 
69% 20% 4p
2
5p (
3
P)
4
D
o
 -21.6 FTS 
4p
2
5p (
3
P)
4
D
o
 1/2 114300 
 
78% 4% 4p
2
5p (
3
P)
2
S
o
 -49.5 FTS 
4p
2
5p (
3
P)
4
P
o
 1/2 117407 
 
91% 5% 4p
2
5p (
3
P)
2
S
o
 160.9 FTS 
4p
2
5p (
3
P)
2
P
o
 1/2 121274 
 
84% 4% 4p
2
5p (
3
P)
2
S
o
 -93.4 FTS 
4p
2
5p (
1
D)
2
P
o
 1/2 130354 
 
91% 0% 4p
2
5p (
3
P)
2
P
o
 48.2 FTS 
4p
2
5p (
1
S)
2
P
o
 1/2 - 
 
89% 0% 
  
- 
 
4p3 
4
S
o
 3/2 0 
 
97% 8% 
  
169 23 
4p3 
2
D
o
 3/2 13168.1 
 
90% 8% 4p
3
 
2
P
o
 -87.9 37 
4p3 
2
P
o
 3/2 23893.2 
 
89% 12% 4p
3
 
2
D
o
 -11.8 28 
4p
2
5p (
3
P)
4
D
o
 3/2 114711 
 
80% 25% 4p
2
5p (
3
P)
4
P
o
 24 FTS 
4p
2
5p (
3
P)4P
o
 3/2 116775 
 
43% 13% 4p
2
5p (
3
P)
4
S
o
 31.4 FST 
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Configuration Term J 
Energy
 a
 
cm
−1
   
Leading percentages 
c
 
ΔEo−c
 d
 
cm
−1
 
No. of 
lines
 e
 
4p
2
5p (
3
P)2D
o
 3/2 117738 
 
71% 36% 4p
2
5p (
3
P)
4
S
o
 -157 FTS 
4p
2
5p (
3
P)4S
o
 3/2 119307 
 
57% 10% 4p
2
5p (
3
P)
4
P
o
 160.3 FTS 
4p
2
5p (
3
P)2P
o
 3/2 121383 
 
80% 9% 4p
2
5p (
1
D)
2
P
o
 -122.1 FTS 
4p
2
5p (
1
D)2D
o
 3/2 127921 
 
76% 14% 4p
2
5p (
3
P)
2
D
o
 22.1 FTS 
4p
2
5p (
1
D)2P
o
 3/2 - 
 
73% 4% 4p
2
5p (
3
P)
2
P
o
 - 
 
4p
2
5p (
1
S)2P
o
 3/2 - 
 
90% 0% 4p
2
5p (
1
D)
2
P
o
 - 
 
4p3 2D
o
 5/2 13784.5 
 
98% 9% 
  
-332.5 25 
4p
2
5p (
3
P)4D
o
 5/2 116069 
 
88% 18% 4p
2
5p (
3
P)
4
P
o
 18.8 FTS 
4p
2
5p (
3
P)4P
o
 5/2 118397 
 
62% 26% 4p
2
5p (
3
P)
2
D
o
 48.2 FTS 
4p
2
5p (
3
P)2D
o
 5/2 120387 
 
67% 47% 4p
2
5p (
3
P)
4
P
o
 -107.3 FTS 
4p
2
5p (
1
D)2D
o
 5/2 127416 
 
49% 38% 4p
2
5p (
1
D)
2
F
o
 65.6 FTS 
4p
2
5p (
1
D)2F
o
 5/2 127984 
 
47% 0% 4p
2
5p (
1
D)
2
D
o
 -105.5 FTS 
4p
2
5p (
3
P)4D
o
 7/2 117799 
 
96% 0% 
  
78.9 FTS 
4p
2
5p (
1
D)2F
o
 7/2 127971 
 
96% 0% 
  
-1.5 FTS 
e: FTS- Levels are established using FTS line list 
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Table 3-4:Optimized energy levels for even  configurations of Se II 
Configuration Term J 
Energy
 a
 
cm
−1
   
Leading percentages 
c
 
      ΔEo−c
 d
 
cm
−1
 
 
4s4p
4
 (
3
P)
4
P 5/2 83876.7 
 
81% 16% 4s
2
4p
2
4d (
3
P)
4
P -45.30 
 4s4p
4
 (
3
P)
4
P 3/2 85578.9 
 
81% 17% 4s
2
4p
2
4d (
3
P)
4
P -4.10 
 4s4p
4
 (
3
P)
4
P 1/2 86438 
 
80% 17% 4s
2
4p
2
4d (
3
P)
4
P 6.00 
 4s
2
4p
2
5s (
3
P)
4
P 1/2 95269.8 
 
91% 5% 4s
2
4p
2
5s (
3
P)
2
P 58.80 
 4s
2
4p
2
5s (
3
P)
4
P 3/2 96752.4 
 
94% 
   
-82.60 
 4s
2
4p
2
5s (
3
P)
4
P 5/2 98673.1 
 
94% 4% 4s
2
4p
2
5s (
1
D)
2
D -170.90 
 4s
2
4p
2
5s (
3
P)
2
P 1/2 98894.8 
 
84% 8% 4s
2
4p
2
4d (
3
P)
2
P 150.80 
 4s
2
4p
2
5s (
3
P)
2
P 3/2 100294.8 
 
44% 26% 4s
2
4p
2
4d (
3
P)
2
P 106.80 
 4s4p
4
 (
1
D)
2
D 3/2 101354.1 
 
39% 23% 4s
2
4p
2
5s (
3
P)
2
P -12.90 
 4s4p
4
 (
1
D)
2
D 5/2 101630.8 
 
56% 32% 4s
2
4p
2
4d (
1
D)
2
D 8.80 
 4s
2
4p
2
4d (
3
P)
4
F 3/2 104692.7 
 
88% 
   
334.70 
 4s
2
4p
2
4d (
3
P)
4
F 5/2 104873.4 
 
90% 6% 4s
2
4p
2
4d (
3
P)
4
D -66.60 
 4s
2
4p
2
4d (
3
P)
2
P 3/2 105483 
 
51% 19% 4s
2
4p
2
5s (
3
P)
2
P 153.00 
 4s
2
4p
2
4d (
3
P)
2
P 1/2 105972 
 
65% 10% 4s
2
4p
2
4d (
3
P)
4
D -358.00 
 4s
2
4p
2
4d (
3
P)
4
F 7/2 106221 
 
93% 5% 4s
2
4p
2
4d (
3
P)
4
D 244.00 
 4s
2
4p
2
5s (
1
D)
2
D 5/2 108355 
 
76% 6% 4s
2
4p
2
4d (
3
P)
2
F 21.00 
 4s
2
4p
2
5s (
1
D)
2
D 3/2 108448.5 
 
86% 7% 4s
2
4p
2
5s (
3
P)
2
P -47.50 
 4s
2
4p
2
4d (
3
P)
2
F 5/2 108832.7 
 
32% 26% 4s
2
4p
2
4d (
1
D)
2
F 129.70 
 
Chapter -3 
 
90 
 
4s
2
4p
2
4d (
3
P)
4
D 7/2 109233 
 
56% 21% 4s
2
4p
2
4d (
1
D)
2
F -244.00 
 4s
2
4p
2
4d (
3
P)
4
D 1/2 109473.1 
 
88% 8% 4s
2
4p
2
4d (
3
P)
2
P -146.90 
 4s
2
4p
2
4d (
3
P)
4
D 3/2 109596.2 
 
91% 
   
-58.80 
 4s
2
4p
2
4d (
3
P)
4
D 5/2 110297.8 
 
66% 16% 4s
2
4p
2
4d (
3
P)
2
F -68.20 
 4s
2
4p
2
4d (
3
P)
4
D 7/2 112406.6 
 
37% 34% 4s
2
4p
2
4d (
3
P)
2
F -99.40 
 4s
2
4p
2
4d (
3
P)
4
P 5/2 119119.5 
 
78% 13% 4s4p
4
 (
3
P)
4
P 119.50 
 4s
2
4p
2
4d (
1
D)
2
G 7/2 119767.4 
 
94% 5% 4s
2
4p
2
4d (
1
D)
2
F -140.60 
 4s
2
4p
2
4d (
3
P)
4
P 3/2 120088.6 
 
78% 14% 4s4p
4
 (
3
P)
4
P 67.60 
 4s
2
4p
2
4d (
3
P)
4
P 1/2 120703.4 
 
78% 14% 4s4p
4
 (
3
P)
4
P 16.40 
 4s
2
4p
2
4d (
3
P)
2
D 3/2 121732.9 
 
79% 7% 4s
2
4p
2
4d (
1
S)
2
D 172.90 
 4s
2
4p
2
4d (
3
P)
2
D 5/2 122722.9 
 
70% 9% 4s
2
4p
2
4d (
1
D)
2
F -156.10 
 4s
2
4p
2
5s (
1
S)
2
S 1/2 123834.8 
 
78% 12% 4s4p
4
 (
1
S)
2
S -1.20 
 4s
2
4p
2
4d (
1
D)
2
F 7/2 125959.4 
 
44% 43% 4s
2
4p
2
4d (
3
P)
2
F -146.60 
 4s
2
4p
2
4d (
1
D)
2
F 5/2 126467.6 
 
41% 30% 4s
2
4p
2
4d (
3
P)
2
F -107.40 
 4s
2
4p
2
4d (
1
D)
2
P 1/2 127870 
 
86% 5% 4s
2
4p
2
4d (
3
P)
2
P 232.00 
 4s
2
4p
2
4d (
1
D)
2
P 3/2 129018.8 
 
82% 7% 4s
2
4p
2
4d (
3
P)
2
P 227.80 
 4s
2
4p
2
4d (
1
D)
2
D 3/2 133194 
 
55% 23% 4s4p
4
 (
1
D)
2
D -92.00 
 4s
2
4p
2
4d (
1
D)
2
D 5/2 133392.5 
 
62% 22% 4s4p
4
 (
1
D)
2
D -57.50 
 4s
2
4p
2
6s (
3
P)
4
P 1/2 134041.5 
 
82% 15% 4s
2
4p
2
6s (
3
P)
2
P -64.50 
 4s
2
4p
2
6s (
3
P)
4
P 3/2 135660.4 
 
72% 9% 4s
2
4p
2
5d (
3
P)
2
P -120.60 
 4s
2
4p
2
5d (
3
P)
2
P 3/2 136187.2 
 
35% 23% 4s4p
4
 (
3
P)
2
P 170.20 
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4s
2
4p
2
6s (
3
P)
2
P 1/2 136311 
 
69% 15% 4s
2
4p
2
6s (
3
P)
4
P -2.00 
 4s
2
4p
2
4d (
1
S)
2
D 5/2 137347 
 
73% 9% 4s
2
4p
2
5d (
3
P)
2
D -72.00 
 4s
2
4p
2
5d (
3
P)
2
P 1/2 137597.3 
 
35% 28% 4s4p
4
 (
3
P)
2
P 67.30 
 4s
2
4p
2
5d (
3
P)
4
F 3/2 137656 
 
80% 9% 4s
2
4p
2
5d (
3
P)
4
D -503.00 
 4s
2
4p
2
4d (
1
S)
2
D 3/2 137686.9 
 
66% 18% 4s
2
4p
2
5d (
3
P)
2
D 176.90 
 4s
2
4p
2
6s (
3
P)
4
P 5/2 138362.9 
 
92% 
   
350.90 
 4s
2
4p
2
5d (
3
P)
4
F 5/2 138544 
 
61% 25% 4s
2
4p
2
5d (
3
P)
4
D 26.00 
 4s
2
4p
2
6s (
3
P)
2
P 3/2 138708.9 
 
84% 7% 4s
2
4p
2
6s (
3
P)
4
P -231.10 
 4s
2
4p
2
5d (
3
P)
4
F 7/2 139536.6 
 
69% 27% 4s
2
4p
2
5d (
3
P)
4
D -223.40 
 4s
2
4p
2
5d (
3
P)
4
D 1/2 140750.8 
 
83% 4% 4s
2
4p
2
4d (
1
D)
2
S 247.80 
 4s
2
4p
2
5d (
3
P)
4
D 3/2 140808.1 
 
74% 11% 4s
2
4p
2
5d (
3
P)
4
F 164.10 
 4s
2
4p
2
5d (
3
P)
4
D 5/2 140941.5 
 
35% 32% 4s
2
4p
2
5d (
3
P)
4
F 256.50 
 4s
2
4p
2
4d (
1
D)
2
S 1/2 141593.7 
 
32% 31% 4s4p
4
 (
1
S)
2
S -35.30 
 4s
2
4p
2
5d (
3
P)
2
F 5/2 142186 
 
76% 6% 4s
2
4p
2
5d (
1
D)
2
F -143.00 
 4s
2
4p
2
5d (
3
P)
4
P 3/2 143340.2 
 
81% 11% 4s
2
4p
2
5d (
3
P)
4
D -390.80 
 4s
2
4p
2
5d (
3
P)
4
P 5/2 143919.6 
 
58% 32% 4s
2
4p
2
5d (
3
P)
4
D 777.60 
 4s
2
4p
2
5d (
3
P)
4
P 1/2 144280.5 
 
90% 
   
152.50 
 4s
2
4p
2
5d (
3
P)
2
D 3/2 145270.3 
 
45% 16% 4s4p
4
 (
3
P)
2
P -144.70 
 4s
2
4p
2
5d (
3
P)
2
D 5/2 145812.2 
 
72% 7% 4s
2
4p
2
5d (
1
D)
2
F -432.80 
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Table 3-5: LSF energy parameters of Se II 
Configuration Parameter  LSF STD           HFR           LSF/HFR 
Odd parity  
4s2 4p3 Eav(  4s
2 4p3) 17964.1 71 18882 
 
 
F2( 4p, 4p) 39314.7 388 49170.9 0.8 
 
( 4p) 0 (fixed) 
  
 
 ( 4p) 2659 181 2044.6 1.3 
      4s2 4p2 5p Eav(  4s
2 4p2 5p) 124842.7 43 127675.6 0.982 
 
F2( 4p, 4p) 38996.8 477 52564.6 0.742 
 
 ( 4p) 0 (fixed) 
  
 
 ( 4p) 2467.6 103 2343.8 1.053 
 
 ( 5p) 276.6 (fixed) 276.6 1 
 
F1( 4p, 5p) 0 (fixed) 0 
 
 
F2( 4p, 5p) 8534 312 9912.5 0.861 
 
Gav( 4p, 5p) 1891.5 70 2627.5 0.72 
 
G1( 4p, 5p) 0 (fixed) 0 
 
 
G2( 4p, 5p) 2249.1 (fixed) 2998.8 0.75 
Even Parity 
      4s2 4p2 5s Eav(  4s
2 4p2 5s) 105906 113 108526.4 0.981 
 
F2( 4p, 4p) 44147.2 633 51948.8 0.85 
 
 ( 4p) -365.1 -61 
  
 
 ( 4p) 2649.1 114 2304.5 1.15 
 
G1( 4p, 5s) 3337.6 (fixed) 4450.2 0.75 
       4s2 4p2 6s Eav(  4s
2 4p2 6s) 142729.7 148 146758.9 0.976 
 
F2( 4p, 4p) 44697.9 641 52596.8 0.85 
 
 ( 4p) 0 (fixed) 
  
 
 ( 4p) 2698.3 116 2347.4 1.149 
 
G1( 4p, 6s) 880.9 (fixed) 1174.6 0.75 
       4s2 4p2 7s Eav(  4s
2 4p2 7s) 161322.5 (fixed) 161321 1.006 
 
F2( 4p, 4p) 44816.3 (fixed) 52725.1 0.85 
 
 ( 4p) 0 (fixed) 
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Configuration Parameter  LSF STD           HFR           LSF/HFR 
 
( 4p) 2357 (fixed) 2357 1 
 
G1( 4p, 7s) 380.1 (fixed) 506.8 0.75 
       4s2 4p2 8s Eav(  4s
2 4p2 8s) 168567.3 (fixed) 168563.7 1.006 
 
F2( 4p, 4p) 44855.1 (fixed) 52770.7 0.85 
 
 ( 4p) 0 (fixed) 
  
 
 ( 4p) 2360.5 (fixed) 2360.6 1 
 
G1( 4p, 8s) 200.7 (fixed) 267.7 0.75 
       4s2 4p2 4d Eav(  4s
2 4p2 4d) 119236.3 74 122265.5 0.98 
 
F2( 4p, 4p) 43692.3 476 51484.4 0.849 
 
 ( 4p) -322.1 -46 
  
 
 ( 4p) 2602.5 112 2264.1 1.149 
 
 ( 4d) 41.1 (fixed) 41.1 1 
 
F1( 4p, 4d) 0 (fixed) 0 
 
 
F2( 4p, 4d) 20859.4 574 24187.2 0.862 
 
G1( 4p, 4d) 19164.6 238 24865.5 0.771 
 
G2( 4p, 4d) 0 (fixed) 0 
 
 
G3( 4p, 4d) 9782 640 14905.9 0.656 
       4s2 4p2 5d Eav(  4s
2 4p2 5d) 148650.8 101 151773.9 0.983 
 
F2( 4p, 4p) 44582.1 485 52532.9 0.849 
 
( 4p) 0 (fixed) 
  
 
 ( 4p) 2689.1 116 2339.4 1.149 
 
 ( 5d) 14.2 (fixed) 14.3 0.993 
 
F1( 4p, 5d) 0 (fixed) 0 
 
 
F2( 4p, 5d) 5233.4 882 6482.1 0.807 
 
G1( 4p, 5d) 4410.4 456 6080.3 0.725 
 
G2( 4p, 5d) 0 (fixed) 0 
 
 
G3( 4p, 5d) 2853.8 (fixed) 3805.1 0.75 
       4s2 4p2 6d Eav(  4s
2 4p2 6d) 163692.5 (fixed) 163691.4 1.006 
 
F2( 4p, 4p) 44793.8 (fixed) 52698.7 0.85 
 
 ( 4p) 0 (fixed) 
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Configuration Parameter  LSF STD           HFR           LSF/HFR 
 
 ( 4p) 2353.5 (fixed) 2353.6 1 
 
 ( 6d) 6.8 (fixed) 6.8 1 
 
F1( 4p, 6d) 0 (fixed) 0 
 
 
F2( 4p, 6d) 2400.2 (fixed) 2823.9 0.85 
 
G1( 4p, 6d) 1957.3 (fixed) 2609.8 0.75 
 
G2( 4p, 6d) 0 (fixed) 0 
 
 
G3( 4p, 6d) 1243.7 (fixed) 1658.3 0.75 
       4s2 4p2 7d Eav(  4s
2 4p2 7d) 169875.1 (fixed) 169869.6 1.006 
 
F2( 4p, 4p) 44842.4 (fixed) 52755.9 0.85 
 
( 4p) 0 (fixed) 
  
 
 ( 4p) 2358.6 (fixed) 2358.7 1 
 
 ( 7d) 3.8 (fixed) 3.8 1 
 
F1( 4p, 7d) 0 (fixed) 0 
 
 
F2( 4p, 7d) 1278.5 (fixed) 1504.2 0.85 
 
G1( 4p, 7d) 1036.6 (fixed) 1382.2 0.75 
 
G2( 4p, 7d) 0 (fixed) 0 
 
 
G3( 4p, 7d) 663.8 (fixed) 885.1 0.75 
       4s2 4p2 8d Eav(  4s
2 4p2 8d) 173507.1 (fixed) 173501.9 1.006 
 
F2( 4p, 4p) 44864.6 (fixed) 52781.9 0.85 
 
 ( 4p) 0 (fixed) 
  
 
 ( 4p) 2361 (fixed) 2361.1 1 
 
 ( 8d) 2.3 (fixed) 2.4 0.958 
 
F1( 4p, 8d) 0 (fixed) 0 
 
 
F2( 4p, 8d) 765.9 (fixed) 901.1 0.85 
 
G1( 4p, 8d) 619.2 (fixed) 825.7 0.75 
 
G2( 4p, 8d) 0 (fixed) 0 
 
 
G3( 4p, 8d) 398.3 (fixed) 531.1 0.75 
       4s 4p4 Eav(  4s 4p4) 114806.3 262 119862.3 0.959 
 
F2( 4p, 4p) 39105.7 1505 49295 0.793 
 
( 4p) -132 -129 
  
 
 ( 4p) 2072.2 333 2060.8 1.006 
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Configuration Parameter  LSF STD           HFR           LSF/HFR 
 
G1( 4s, 4p) 52256.5 701 67367.6 0.776 
      
 
G1( 3d, 4p) 6105 (fixed) 8140.1 0.75 
 
G2( 3d, 4p) 0 (fixed) 0 
 
 
G3( 3d, 4p) 5635.5 (fixed) 7514.1 0.75 
All the R
k
 parameters for odd and even configurations were fixed at 75 % of the Hartree-Fock value. 
       
  
List of Classified lines for Se II measured on FTS.  
   σobs  cm
-
           λobs
a 
Å Classification Elow  cm
-1
 Eupp cm
-1
 
34501.8031 
2899.190(2) 4sp
4
 (
3
P)
4
P 5/2 4p
2
5p (
3
P)
4
P 
o
 5/2 83876.7 118396  
32881.1927  3042.082(2) 4sp
4
 (
3
P)
4
P 5/2 4p
2
5p (
3
P)
4
P 
o
 3/2 83876.7 116775  
32852.7581  3044.715(2) 4sp
4
 (
3
P)
4
P 1/2 4p
2
5p (
3
P)
4
S 
o
 3/2 83876.7 119307  
30817.6032  3245.784(5) 4sp
4
 (
3
P)
4
P 5/2 4p
2
5p (
3
P)
4
D 
o
 3/2 83876.7 114711  
29009.0563  3448.140(2) 4p
2
5s (
3
P)
2
P 1/2 4p
2
5p (
1
D)
2
D 
o
 3/2 98894.8 127920  
27610.7980  3622.759(2) 4p
2
5s (
3
P)
2
P 3/2 4p
2
5p (
1
D)
2
D 
o
 3/2 100294.8 127920  
27105.4409  3690.303(2) 4p
2
5s (
3
P)
2
P 3/2 4p
2
5p (
1
D)
2
F 
o
 5/2 100294.8 127415  
26613.5385  3758.511(2) 4sp
4
 (
1
D)
2
D 3/2 4p
2
5p (
1
D)
2
D 
o
 5/2 101354.1 127983  
26338.0308  3797.827(2) 4sp
4
 (
1
D)
2
D 5/2 4p
2
5p (
1
D)
2
D 
o
 5/2 101630.8 127983  
26045.2761  3840.515(2) 4sp
4
 (
1
D)
2
D 3/2 4p
2
5p (
1
D)
2
F 
o
 5/2 101354.1 127415  
25769.7639  3881.575(2) 4sp
4
 (
1
D)
2
D 5/2 4p
2
5p (
1
D)
2
F 
o
 5/2 101630.8 127415  
22365.0779  4472.477(2) 4p
2
5s (
3
P)
2
P 1/2 4p
2
5p (
3
P)
2
P 
o
 1/2 98894.8 121273  
21892.6930  4568.981(2) 4p
2
5s (
1
D)
2
D 3/2 4p
2
5p (
1
D)
2
P 
o
 1/2 108448.5 130354  
21700.6040  4609.424(2) 4p
2
5s (
3
P)
4
P 5/2 4p
2
5p (
3
P)
2
D 
o
 5/2 98673.1 120386  
21632.6972  4623.894(2) 4p
2
5s (
3
P)
4
P 3/2 4p
2
5p (
3
P)
4
P 
o
 5/2 96752.4 118396  
21075.1756  4746.214(2) 4p
2
5s (
3
P)
2
P 3/2 4p
2
5p (
3
P)
2
P 
o
 3/2 100294.8 121382  
20641.3082  4845.977(2) 4p
2
5s (
3
P)
4
P 3/2 4p
2
5p (
3
P)
4
P 
o
 1/2 96752.4 117404.3  
20622.8580  4850.312(2) 4p
2
5s (
3
P)
4
P 5/2 4p
2
5p (
3
P)
4
S 
o
 3/2 98673.1 119307  
20080.7807  4981.246(2) 4p
2
5s (
3
P)
2
P 3/2 4p
2
5p (
3
P)
2
D 
o
 5/2 100294.8 120386  
   σobs  cm
-
           λobs
a 
Å Classification Elow  cm
-1
 Eupp cm
-1
 
20014.9891  4997.619(2) 4p
2
5s (
3
P)
4
P 3/2 4p
2
5p (
3
P)
4
P 
o
 7/2 96752.4 116775  
20014.9891  4997.619(2) 4sp
4
 (
1
D)
2
D 3/2 4p
2
5p (
3
P)
2
P 
o
 3/2 101354.1 121382  
19906.3273  5024.900(2) 4sp
4
 (
1
D)
2
D 3/2 4p
2
5p (
3
P)
2
P 
o
 1/2 101354.1 121273  
19712.7510  5074.244(2) 4p
2
5s (
3
P)
4
P 5/2 4p
2
5p (
3
P)
4
P 
o
 5/2 98673.1 118396  
19604.8332  5102.176(2) 4p
2
5s (
1
D)
2
D 5/2 4p
2
5p (
1
D)
2
F 
o
 7/2 108355 127970  
19304.1258  5181.654(2) 4p
2
5s (
3
P)
4
P 3/2 4p
2
5p (
3
P)
4
D 
o
 5/2 96752.4 116067  
19020.5930  5258.895(2) 4sp4 (
1
D)
2
D 3/2 4p
2
5p (
3
P)
2
D 
o
 5/2 101354.1 120386  
18955.2950  5277.011(2) 4p
2
5s (
1
D)
2
D 3/2 4p
2
5p (
1
D)
2
F 
o
 5/2 108448.5 127415  
18833.3204  5311.188(2) 4p
2
5s (
3
P)
2
P 1/2 4p
2
5p (
3
P)
2
D 
o
 3/2 98894.8 117738  
17948.3554  5573.063(2) 4p
2
5s (
3
P)
4
P 3/2 4p
2
5p (
3
P)
4
D 
o
 3/2 96752.4 114711  
17384.1782  5753.928(2) 4p
2
5s (
3
P)
4
P 5/2 4p
2
5p (
3
P)
4
D 
o
 5/2 98673.1 116067  
 
                      a
 Observe wavelengths are given in standard air. The uncertainty (standard deviation) in the last digit is given in parentheses. 
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Chapter 4  
                                                                                       The Third Spectrum of Selenium: Se III 
 
4.1 Introduction 
Doubly ionized selenium (Se III) is a member of germanium isoelectronic 
sequence. Se III has ground configuration 4s
2
4p
2 
with 
3
P0, 1, 2; 
1
D2 and 
1
S0 levels. The 
outer electron excitation from  ground configuration leads to various configurations 
viz., 4s
2
4pnd (n ≥ 4), 4s24pns (n ≥ 5), 4s24pnp (n ≥ 5) and 4s24pnf (n ≥ 4) with singlet 
and triplet states while core excitation gives  rise to the 4s4p
3
; 4s4p
2
4d and 4s4p
2
5s 
configurations making the system very complex. The LS term structure of Se III is of 
the type singlet (
1
L), triplet (
3
L) and quintet (
5
L).  
The analysis of Se III, was started in 1931 by Badami and Rao [1] who 
established the deepest term 
3
P, 
1
D of the ground configuration and 
3
P
o
, 
1
P
o
 of the first 
excited configuration 4s
2
4p5s.  Badami and Rao [2] followed by Rao and Murti [3] 
extended the analysis and established four levels of the ground configuration and 
number of levels from 4s4p
3
, 4s
2
4pns (n=5, 6) and 4s
2
4pnd (n=4, 5) and 4s
2
4p5p 
configurations with the identification of 216 transition wavelengths in the region of 
517 to 6613 Å. These level values are compiled in Atomic Energy Levels (AEL) [4] 
and also listed in NIST ASD [5]. The last experimental work on Se III was due to 
George [6] who established the unknown 
1
S0 of the ground configuration and deepest 
level  5S2
o
 of the 4s4p
3
 configuration. However, the current data available at NIST 
ASD [5] also includes 
1
S0 of the ground configuration and an additional level 
designated as X (J=1) without assigning any configuration. The two values of ground 
level 
1
S0 do not match. Among the excited configurations, the higher members of 
4s
2
4pns and 4s
2
4pnd were studied in our laboratory recently for Br III [7, 8] and for 
Kr V by Rezende et. al. [9]. However, 4s
2
4p4f configuration is still unknown in Se 
III, and recently in Br III [7, 8] strong transitions were observed from 4s
2
4p4d. 
Therefore, with the new observations, we intended to re-investigate these 
configurations in Se III and resolve the existing ambiguity with 
1
S0 of the ground 
configuration [5].  The detailed energy level structure of Se III and its Grotrian 
diagram is given in the Table 4-1 and Figure 4-1. 
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Table 4-1: Level Structure of Se III 
The Ground configuration of Se III is [Ar] 3d
10
4s
2
4p
2
 with 
3
P0, 1, 2,
 1
D2, 
1
S0 as ground 
levels 
Configuration
a
 
Parent 
Term 
Term
b
 J 
    3d
10
.4s
2
.np
2 
 
 
 
 
(
2
P) 
 
 
 
3
P 
1
D 
1
S 
 
0,1,2 
2 
0 
 
3d
10
.4s
2
.4pns 
 
 
 
 
3
P
o
 
1
P
o
 
1
D
o
 
 
0,1,2 
1 
2 
 
3d
10
.4s
2
.4pnp 
 
 
3
P 
3
S 
1
D 
1
P 
1
S 
0,1,2 
1 
2 
1 
0 
3d
10
.4s
2
.4pnd 
 
 
 
 
 
 
 
3
F
o
 
3
D
o
 
3
P
o
 
1
F
o
 
1
D
o
 
1
P
o
 
 
2,3,4 
1,2,3 
0,1,2 
3 
2 
1 
 
3d
10
.4s
2
.4pnf 
 
 
 
 
 
 
 
3
G 
3
F 
3
D 
1
G 
1
F 
1
D 
 
3,4,5 
2,3,4 
1,2,3 
4 
3 
2 
 
3d
10
.4s.4p
3
 (
4
S) 
5
S
o
 2 
 
(
2
D) 
3
D
o
 1,2,3 
  
1
D
o
 2 
 
(
2
P) 
 
3
P
o
 
1
P
o
 
0,1,2 
1 
a
 To the given configurations, the Kernel structure ‘[Ar]’ must be added before 
each of it for the completeness of electronic structure. The principal quantum 
number, n ≥ 4. 
b 
The ordering of levels are governed by Hund’s rule for the fine structures. 
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Figure 4-1: Energy level structure of Se III 
4.2 Ab Initio Calculations  
We conducted Multi-configuration interaction Hartree-Fock (HFR) 
calculations [10] with ten odd and sixteen even parity configurations. In the odd parity 
system, we included the following configurations:  
Odd configuration system: 
               
 
   
        
 
   
 
Even parity configuration system: 
                
 
   
         
 
   
         
 
   
           
         
Since 4s
2
4p
2
 
3
P0 is the ground most level and has 0.0 cm
-1
 energy value, 
therefore to match this value with the value from our ab-initio calculations which is 
4 levels
New Configuration
Levels Revised 
12 levels4s4p
3
10 levels
5 levels
4s
2
4p7s
4s
2
4p8s
4s
2
4p6s
4s
2
4p5s
4s24p7d
4s24p6d
4s24p5d
4s24p4d
4s24p2
4s24p5p 4s
24p4f
Levels Confirmed
12 levels
12 levels
IP: 255670
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usually a negative quantity, we shifted the average energy of all the configurations by 
13788 cm
-1
. The ab initio energy parameters were initially scaled using factors taken 
from the isoelectronic species Br IV [7, 8] and Kr V [9]. Therefore, the initial scaling 
of Slater parameters for Eav and ζnl was 100% of the HF values while F
k
 and G
k
 
parameters were scaled to 85 % of the HFR values and R
k
 at 75 %.   This gave a very 
close prediction of the energy levels as well as for transition probabilities.  
4.3 Spectral Analysis 
For, the ground configuration, the internal excitation 4s4p
3
 and 4s
2
4p{nd 
(n=4-6)+ns(n=5-7)+5p+4f} configurations, the energy parameters and hence the level 
values could be predicted from the members of isoelectronic sequence using the 
parameter's scaling obtained from the least squares fitted parameters scaling 
(LSF/HFR) of Br IV [7, 8] and Kr V [9] but the other configurations 4s
2
4p{7d +8s} 
could not be predicted so easily due to insufficient available experimental data and 
also due to strong interactions with 4s
2
4p5s, 4s
2
4p4d and 4s4p
3
 configurations, thus 
multi-configuration interaction calculations were carried out with Cowan's code [10, 
11].  For analysis, special attention was paid to pick the lines of correct ionization 
characteristic. All the classified lines in Table 4-3 have Se III ionization character. In 
the present analysis, 4s
2
4pnℓ series and the internal excitation 4s4p3 have been studied 
extensively. In the following section I would like to discuss them one by one. Table 4-
4 contains the complete list of 94 levels that were established in the present analysis. 
All the levels were designated in LS coupling scheme. In this work, we revised one 
level of the ground configuration and two from first excited configurations. Few 
levels changed their J value.  
4.3.1 The 4s24p2 configuration 
 The ground configuration of Se III is 4s
2
4p
2
 with triplet (
3
P) and singlet (
1
S 
and 
1
D) structure. The four levels of the ground configuration were established by 
Badami and Rao [2] except 
1
S0 which were listed in AEL [4]. The NIST database [5] 
listed an extrapolated value of the missing level 
1
S0 at 28430+k cm
-1
, where k is some 
constant. Later George [6] gave the value of 
1
S0 level at 26821 cm
-1
 based on the 
combination with 4s
2
4p5s 
3
P
o
1 and 
1
P
o
1 levels which fixes the value of k at 1609 cm
-1
. 
In our analysis we could not confirmed the George [6] value due to two reasons. 
Firstly, one of his transitions does not have Se III ionization characteristic and 
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secondly is that the George's value does not give the most expected transitions from 
4s4p
3
 configuration. We established this level at 28128.64 cm
-1
 by its combination 
from the levels of internal excitation 4s4p
3
 and the 4s
2
4p4d configurations which were 
predicted to be very strong. The new value fits very well in the least square 
calculations. The recent calculations by Macaluso et. al. [12] predicted 4s
2
4p
2
 
1
S0 at 
28138.7  150 cm-1 which is in very close agreement with our new value differing by 
only 10 cm
-1
. Therefore, our new value is in confirmation with Macaluso et. al. [12] 
and the actual value of k in NIST ASD [5] come out to be 301 cm
-1
.  
4.3.2 The 4s24pns, 4s24pnd and 4s4p3 configurations 
  Once all the ground levels were confirmed, we picked up the analysis of 
three lowest excited configurations namely, 4s4p
3
, 4s
2
4p4d and 4s
2
4p5s. As 
mentioned earlier, that these configurations were calculated together along with other 
interacting configurations of odd parity. We noticed that these configurations are 
highly interacting. The earlier work of Se III includes the level establishment of 4s
2
4p 
{5s+6s+4d+5d} and 4s4p
3
 configurations by Badami and Rao [2] and Rao and Murti 
[3] based on the classification of 216 transitions in the wavelength region 517 - 6613 
Å. Later George had extended the Se III work and established the deepest 
5
S2 level of 
4s4p
3
 configuration and confirmed all the earlier reported level values by Rao and 
Murti [3]. In addition, George [6] also established the missing 4s
2
4p5d 
3
P
o
0 level. 
Moreover, he extended the 4s
2
4pns series and established all the levels for 4s
2
4p7s 
configuration. We started the analysis with the confirmation of earlier work and 
confirmed 28 levels from 4s4p
3 
+ 4s
2
4p (4d+5d+5s+6s) configurations. The 
isoelectronic plots for 4s4p
3
 configuration reveal the inconsistency in two levels at 
91091 cm
-1
 (J=1) and 96548 (J=3) cm
-1
.  Figure 4-2 suggests the 4s4p
3
 
3
D1 level 
should be at lower than the reported value while 
3
D3 to be at higher energy. We found 
all the dipole allowed transitions from ground levels with Se III ionization 
characteristic consequently; we rejected these earlier reported values. The newly 
found levels are quite regular on the isoelectronic plots Figure 4-1. 
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1 2 3 4 5 6 7 8 9 10
16.5
17.0
17.5
18.0
18.5
4p
3
 
3
D
1
 
 
E
/(


2
.5
) 
x
 1
0
3
 c
m
-1

 4s4p
3
 
3
D
1
(B&M)
 4s4p
3
 
3
D
3
(B&M)
 4s4p
3
 
3
D
1
(TW)
 4s4p
3
 
3
D
3
(TW)
4p
3
 
3
D
3
 
Figure 4-2: Isoelectronic plots of the 4s4p
3
 (
3
D1) (shown with   ) and 4s4p
3
 (
3
D3) 
(shown with   ) levels along the Ge I sequence from As II to Zr IX. Red: This work 
(TW); and Black: Rao and Murti [3]. E is the relative energy of the levels in cm
-1
 and 
is the net electronic charge of the core (is 1 for neutral atoms, 2 for singly ionized 
atoms and so on). 
The other four levels reported by Badami and Rao [2] and listed in NIST ASD 
[5] viz., 4s4p
3
 
1
D
o
2, 4s
2
4p4d 
1
P
o
1, 4s
2
4p4d 
3
D
o
2 and 4s
2
4p4d 
3
P
o
2 have changed their 
designations based on our least squares fitted parametric calculations.  
 A few more ambiguities in the listed levels of NIST ASD [5] have been 
noticed. One of them at 139202 cm
-1
 given as 4s
2
4p4d 
1
D2 does not fit along the 
isoelectronic sequence as evident from the Figure 4-3. Secondly, this level gives all 
five transitions from ground configuration including two from J=0 levels. Therefore, 
it is certain that this is not a J=2 level but a J=1 level.  Further, we confirmed this 
level to be 4s4p
3
 
3
S1. We also checked its regularity along the isoelectronic sequence 
and found quite regular as 4s4p
3
 
3
S1 level Figure 4-5. The other level designated as 
4s
2
4p4d X (J=1) at 147820 cm
-1
 has been found at 147825.5 cm
-1
 as 4s4p
3
 
1
D2 level.     
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Figure 4-3: Isoelectronic plot for 4p4d 
1
D
o
2   level. Data points with black shows the 
value from Rao [3] 
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Figure 4-4: Energy level structure for the interacting configurations shown by 
different colours 
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The deepest level 
5
S2 of 4s4p
3
 configuration was studied by George [6] and 
found two probable options for this level 69136 cm
-1
 and 68503 cm
-1
. He adopted the 
first value 69136 cm
-1
 on the basis of intensity comparison for the same transitions in 
Ge I and As II. However, we had found 4s4p
3
 
5
S2 independently at 68502.6 cm
-1
 [7] 
as George thesis was not available online at that time. The George's level at 69136 
cm
-1
 is based on a line at 67400 cm
-1
 which is already a classified transition for 
4s
2
4p5p 
1
P1  4s
2
4p6d 
1
D2 in Se III that fits well along the iso-electronic  plot Figure 
4-5 and in  the LSF calculations.   
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Figure 4-5: Isoelectronic Plot for 4s4p3 configuration along the Ge I isoelectronic 
sequence. 
The J = 4 levels arising from 4s
2
4pnd configurations, cannot be established  
through the transitions from the ground levels as electric dipole transitions are not 
allowed for J=4 levels. Therefore, these levels can be confirmed only through the 
transitions from 4s
2
4p5p and 4s
2
4p4f configurations. This analysis was considered 
much later when we studied the second excitation 4s
2
4p5p and 4s
2
4p4f configurations. 
Our least squares fitted calculations predicted 4s
2
4p4d 
3
F4 very close to the reported 
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level value and fitted nicely in least squares calculations. Moreover, our investigation 
of 4s
2
4p4f configuration supports the confirmation of this level. We also confirmed 
this level to be correct from its transition to 4p5p level as well. The other reported 
level 4s
2
4p5d 
3
F4 shows large shift from LSF value therefore, seems to be doubtful. 
Our LSF   predicts 4s
2
4p5d 
3
F4 level at 192687 cm
-1
.  We found this level with a very 
strong unclassified Se III line present in George [6] at 35992.75 cm
-1 
giving transition 
from 4s
2
4p5p 
3
D3 level. The other transitions from 4s
2
4p4f lie in IR region could not 
be seen in any available list. The level value obtained from this transition at 192993.2 
cm
-1
 is in perfect agreement with our LSF and hence being included in our analysis. 
George also established all the level values of 4s
2
4p7s configuration but out of 
fourteen probable transitions from ground levels, we found only one in our region of 
measurement and also they were not present on George line list [6]. Therefore, we 
discarded the George level values for 4s
2
4p7s configuration. We extended the analysis 
considerably to include new configurations 4s
2
4p6d, 4s
2
4p7d and 4s
2
4p8s for the first 
time and revised values for 4s
2
4p7s configuration Transitions from 4s
2
4p4d, 4s
2
4p5s 
and 4s4p
3 
were observed very strong while from 4s
2
4p5d and 4s
2
4p6s were moderately 
strong and from 4s
2
4p6d and 4s
2
4p7s were still satisfactory and all the expected pairs 
were found. The fourth excitation from the ground (4s
2
4p7d and 4s
2
4p8s) was fairly 
weak but surprisingly eleven levels out of sixteen were found with more than one 
supporting transitions. The 4s
2
4p7d 
3
P0 and 4s
2
4p8s 
3
P0 are necessarily based on single 
transitions. Only two levels (4s
2
4p7d 
3
P1 & 
1
F3) are based on single transitions.  
However, these were the only lines present in the expected region. Moreover, levels 
fitted nicely in the least squares fitted parametric calculations with expected scaling of 
the energy parameters. The two J= 4 levels belonging to 4s
2
4p6d and 4s
2
4p7d could 
not be established as they do not combine with the ground levels. All levels from 
eleven configurations namely, the 4s
2
4p
2
, 4s4p
3
, 4s
2
4p [4d+5d+6d+7d+5s+6s+7s+8s] 
have been established except 
3
F4 levels of 4s
2
4p6d 
 
 and 4s
2
4p7d 
 
 and they are given in 
Table 4-4 along with their LSF values and LS percentage compositions. We found 
excellent agreement with theoretical calculations. Despite significant configuration 
mixing, about 85% of the levels show their leading purity of LS component greater 
than 50% consequently, LS designation is still quite unambiguous. It would be worth 
mentioning here that only two levels 
3
P2 and 
3
D2 of 4s
2
4pnd (n=4-7) series are highly 
mixed in all four configurations. However, in 4s
2
4p4d configuration these two levels 
could be assigned easily by their first leading component while in 4s
2
4p5d, 4s
2
4p6d 
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and 4s
2
4p7d, the 
3
P2 levels were more dominant and occupying first place for both 
levels and 
3
D2 were the second highest components. The higher purity levels were 
assigned as 
3
P2 in all three configurations therefore, the levels at 194725.5 190018.8 
cm
-1
, 218792.5 214367 cm
-1 
and 231594.2 227246 cm
-1
 were designated as 
3
D2 of 
4s
2
4p5d, 4s
2
4p6d and 4s
2
4p7d respectively as their second highest component. 
Another strong interaction was noticed between J=1 levels at 131654.1 cm
-1
 and 
136944.5 cm
-1
. This 
1
P1 level is a mixture of 4s
2
4d5s, 4s4p
3
 and 4s
2
4p4d 
configurations, consequently, the second component of 136944.5 cm
-1
 was designated 
as 4s4p
3
 
1
P1 and its first component 4s
2
4p5s 
1
P1 has higher LS purity at 131654.1 cm
-1 
was therefore, designated as 4s
2
4p5s 
1
P1. 
4.3.3 The second excitations [4s24p5p +4s24p4f] configurations: 
The configuration arising from 4s
2
4pns and 4s
2
4pnd results into the odd party 
matrix 4s
2
4pnp and 4s
2
4pnf. Badami and Rao [2] first studied the 4s
2
4p5p 
configuration and established all the levels except 
1
S0 and 
1
P1 levels which were being 
confirmed by Rao and Murti [3] and later by George [6]. One of the missing level, 
1
P1 
was established by Rao and Murti [3], but 
1
S0 is still unknown. In the present work we 
confirmed the level values of 4s
2
4p5p configurations and established its connection 
with 4s
2
4p (nd+ns) + 4s4p
3
 configurations.  
However, the doubly excited configuration 4s
2
4p4f has never been studied in 
this ion. Our primary analysis predicts the transitions from 4s
2
4p4f to 4s
2
4pnd 
configurations in the wavelength region of 700-1500 Å. In this region we have 
extremely good data from our several recordings giving very satisfactory ionization 
separation and were very helpful to investigate this array. Due to strong interaction of 
4s
2
4p4d with 4s4p
3
 configuration, our calculations predict strong transition from the 
levels of 4s4p
3
 configuration. We therefore carried over the analysis for 4s
2
4p4f 
configuration and found very strong transitions to 4s
2
4p4d and 4s4p
3
 configurations 
and succeeded in establishing ten levels out of twelve. In this configuration we 
noticed a strong interaction with the levels of 4s4p
2
4d configuration as a result 4p4f 
1
D2 and 
1
G4 levels could not be located. Over all, LS designation is still the best 
approximation and level was given in LS designation.  
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4.4 Optimization of the energy level values: 
The energy levels were optimized by using least-squares level optimization 
code LOPT [13] after estimating the uncertainty for each individual transition. We 
also used the lines in the higher wavelength region from George thesis [6] after 
removing the systematic shifts and assigning the estimated uncertainty to each 
spectral line. We identified 454 transition wavelengths out of which 271 are from our 
measurements and 183 from George thesis [6], which resulted in ninety six optimized 
values for energy levels belonging to both even and odd parity configurations Table 
4-4. In this table, the uncertainty of observed energy values for each level is estimated 
with respect to separations from 4s
2
4p 
2
P3/2 level, since this level was connected by 
most number of accurate transitions observed in this spectrum. Few of the observed 
transitions were masked either with the impurity or Se (II-V) lines hence were 
excluded from the optimization.  
4.4.1 Least square calculation 
To fit the Slater energy parameters to the experimental energy levels, we 
considered the set of configurations given in the section 4.2. Then in the least square 
fitting (LSF) procedure, the Slater parameters were varied to minimize the 
discrepancies between observed and calculated values. The results of the least-squares 
calculation for odd and even parity are given in Table 4-4. In the LSF procedure, the 
energy level calculations for even and odd parity configurations converged with a 
standard deviation (σ) of 24 cm -1 and 119 cm-1 respectively. The fitted Slater 
parameters were utilized to modify the initial wavefunctions and hence the transition 
rates which are given in Table 4-5. 
4.5        Ionization Potential 
Since we have observed four members of two sequences 4s
2
4pnd (n=4-7) and 
4s
2
4pns (n=5-8) therefore, Ritz series calculation was used by Sansonetti's Ritz code 
[14] to determine the ionization potential. We calculated the series limit using levels 
from two series 4s
2
4pnd (n=4 -7) and 4s
2
4pns (n=5 - 8). For calculations only high 
purity levels were considered. All chosen sets of levels gave very consistent values of 
series limit Table 4-2.  Considering all sets of calculations, the average value of the 
ionization potential of Se III come out to be at 255670 cm
-1
 and we adapted this value 
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as the final series limit of Se III at 255670.0 ± 150 cm
-1
 (31.699 ± 0.019 eV). This 
new value is 2330 cm
-1
 lower than the value reported in AEL [4]. Very recently, our 
limit was confirmed by Phaneuf et al. within our reported uncertainty, from the 
analysis of the Rydberg series of resonances in the high-resolution spectrum. Their 
experimentally measured value is 31.685 ± 0.010 eV. 
Table 4-2: Values for the ionization energy of Se III determined from various series 
Sansonetti's Ritz (extended) code [14]. The adopted value of ionization energy is 
255670 ± 150 cm
-1
. 
Series Members (n) Limit in cm
-1
 
4pnd (
1
F3) 4-7 255711.00 
4pns (
3
P2) 5-8 255633.60 
4pns (
3
P2) 5-7 255578.02 
4pns (
3
P2) 6-8 255722.54 
4pns(
3
P1) 5-8 255683.59 
4pns(
3
P1) 5-7 255666.60 
4pns(
3
P0) 5-8 255695.49 
4pns(
3
P0) 5-7 255678.55 
4pns(
3
P0) 6-8 255722.23 
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Table 4-2: List of classified lines in Se III spectrum. 
I
a
 Char.
b
 λobs
c 
Å   σobs cm
-1
       λRitz
d 
Å ΔλO-Ritz
e
  Å Classification Elow  cm
-1
        Eupp cm
-1
 gA
f
  S
-1
 
 
2 
 
430.560(5) 232256 430.561(3) -0.001 4s
2
4p
2
   
3
P 0 4s
2
4p7d 
1
P
o
1 0 232255.3 1.60E+08 
 
2 P _ 230860 432.8658(24) _ 4s
2
4p
2
   
3
P 0 4s
2
4p8s 
1
P
o
1 0 231018.5   
 15 
 
434.980(5) 229896 434.981(4) -0.001 4s
2
4p
2
   
3
P 1 4s
2
4p7d 
3
P
o
1 1742.27 231637.4 3.51E+08 
 3 
 
434.913(5) 229931 434.913(4) 0 4s
2
4p
2
   
3
P 1 4s
2
4p7d 
3
P
o
0 1742.27 231673.2 7.99E+08 
 2 
 
435.070(5) 229848 435.0627(23) 0.007 4s
2
4p
2
   
3
P 1 4s
2
4p7d 
3
P
o
2 1742.27 231594.2 4.13E+08 
 5 
 
435.618(5) 229559 435.6214(25) -0.003 4s
2
4p
2
   
3
P 1 4s
2
4p7d 
1
D
o
2 1742.27 231299.4 6.06E+08 
 2 
 
436.432(5) 229131 436.438(3) -0.006 4s
2
4p
2
   
3
P 1 4s
2
4p8s 
3
P
o
2 1742.27 230869.9 3.21E+08 
 0 
 
438.62(6) 227990 438.433(5) 0.19 4s
2
4p
2
   
3
P 2 4s
2
4p7d 
1
F
o3
 3935.82 232020.9 3.46E+07
 cf
 
 8 
 
439.254(5) 227659 439.2546(23) -0.001 4s
2
4p
2
   
3
P 2 4s
2
4p7d 
3
P
o
2 3935.82 231594.2 1.59E+09 
 10 
 
439.564(5) 227498 439.566(3) -0.002 4s
2
4p
2
   
3
P 0 4s
2
4p7d 
3
D
o
1 0 227497.3 1.41E+09 
 18 
 
439.645(5) 227456 439.640(3) 0.005 4s
2
4p
2
   
3
P 2 4s
2
4p7d 
3
D
o3
 3935.82 231394.4 3.10E+09 
 2 
 
439.823(5) 227364 439.824(3) -0.001 4s
2
4p
2
   
3
P 2 4s
2
4p7d 
1
D
o
2 3935.82 231299.4 1.11E+08
 cf
 
 1 
 
440.47(6) 227030 440.3682(25) 0.1 4s
2
4p
2
   
3
P 2 4s
2
4p8s 
1
P
o
1 3935.82 231018.5 1.87E+07
 cf
 
 12 
 
440.652(5) 226936 440.657(3) -0.005 4s
2
4p
2
   
3
P 2 4s
2
4p8s 
3
P
o
2 3935.82 230869.9 1.22E+09 
 15 
 
443.452(5) 225504 443.458(3) -0.006 4s
2
4p
2
   
3
P 1 4s
2
4p7d 
3
D
o
2 1742.27 227243 1.98E+09 
 2 
 
444.732(5) 224855 444.7322(24) 0 4s
2
4p
2
   
3
P 1 4s
2
4p8s 
3
P
o
1 1742.27 226596.7 1.58E+08 
 3 
 
444.878(5) 224781 444.882(3) -0.004 4s
2
4p
2
   
3
P 1 4s
2
4p8s 
3
P
o
0 1742.27 226521.2 2.87E+08 
 12 
 
447.601(5) 223413.3 447.599(3) 0.002 4s
2
4p
2
   
3
P 2 4s
2
4p7d 
3
F
o
3 3935.82 227350 1.82E+09 
 5 
 
448.082(5) 223173.4 448.0783(23) 0.004 4s
2
4p
2
   
3
P 2 4s
2
4p7d 
3
F
o
2 3935.82 227111.1 1.56E+08 
 6 
 
449.113(5) 222661.1 449.1135(24) 0 4s
2
4p
2
   
3
P 2 4s
2
4p8s 
3
P
o
1 3935.82 226596.7 3.99E+08 
 5 
 
454.336(5) 220101.4 454.3369(23) -0.001 4s
2
4p
2
   
3
P 0 4s
2
4p6d 
1
P
o
1 0 220101 2.66E+08 
 38 
 
456.642(5) 218989.9 456.643(5) -0.001 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
1
F
o
3 13031.57 232020.9 7.89E+09 
 2 P _ 218770 456.757(3) _ 4s
2
4p
2
   
3
P 0 4s
2
4p6d 
3
P
o
1 0 218934.7 
  0 
 
457.45(7) 218600 457.444(4) 0.01 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
3
P
o
1 13031.57 231637.4 2.24E+08 
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I
a
 Char.
b
 λobs
c 
Å   σobs cm
-1
       λRitz
d 
Å ΔλO-Ritz
e
  Å Classification Elow  cm
-1
        Eupp cm
-1
 gA
f
  S
-1
 
 
2 
 
457.949(5) 218364.9 457.953(3) -0.004 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
3
D
o
3 13031.57 231394.4 3.03E+06
 cf
 
 7 
 
458.154(5) 218267.2 458.153(3) 0.001 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
1
D
o
2 13031.57 231299.4 4.63E+08
 cf
 
 15 
 
458.743(5) 217987 458.743(3) 0 4s
2
4p
2
   
1
D 2 4s
2
4p8s 
1
P
o
1 13031.57 231018.5 1.26E+09 
 11 
 
460.159(5) 217316.2 460.159(5) 0 4s
2
4p
2
   
3
P 1 4s
2
4p6d 
3
P
o
0 1742.27 219058.5 6.92E+08 
 27 
 
460.422(5) 217192.1 460.4212(25) 0.001 4s
2
4p
2
   
3
P 1 4s
2
4p6d 
3
P
o
1 1742.27 218934.7 1.55E+09 
 8 
 
460.722(5) 217050.6 460.7228(21) -0.001 4s
2
4p
2
   
3
P 1 4s
2
4p6d 
3
P
o
2 1742.27 218792.5 7.73E+08 
 22 
 
462.092(5) 216407.1 462.092(23) 0 4s
2
4p
2
   
3
P 1 4s
2
4p6d 
1
D
o
2 1742.27 218149.4 1.41E+09 
 5 
 
463.215(5) 215882.5 463.2108(18) 0.004 4s
2
4p
2
   
3
P 1 4s
2
4p7s 
1
P
o
1 1742.27 217626.7 2.83E+08 
 5 
 
463.631(5) 215688.8 463.629(3) 0.002 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
1
F
o
3 3935.82 219625.3 7.98E+07
 cf
 
 10 
 
463.793(5) 215613.4 463.7881(18) 0.005 4s
2
4p
2
   
3
P 1 4s
2
4p7s 
3
P
o
2 1742.27 217358 5.29E+08 
 11 
 
465.120(5) 214998.3 465.119(3) 0.001 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
P
o
1 3935.82 218934.7 8.89E+08 
 40 
 
465.429(5) 214855.5 465.4265(21) 0.002 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
P
o
2 3935.82 218792.5 3.19E+09 
 40 
 
465.535(5) 214806.6 465.5331(24) 0.002 4s
2
4p
2
   
3
P 0 4s
2
4p6d 
3
D
o
1 0 214807.5 2.93E+09 
 65 
 
466.260(5) 214472.6 466.261(3) -0.001 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
D
o
3 3935.82 218407.8 6.64E+09 
 10 
 
466.47(6) 214380 466.275(3) 0.2 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
3
D
o
1 13031.57 227497.3 1.96E+07
 cf
 
 11 
 
466.599(5) 214316.8 466.595(3) 0.004 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
3
F
o
3 13031.57 227350 1.76E+09 
 8 
 
466.828(7) 214212 466.8238(24) 0.004 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
1
D
o
2 3935.82 218149.4 2.75E+08
 cf
 
 8 
 
466.828(7) 214212 466.828(4) 0 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
3
D
o
2 13031.57 227243 1.05E+08
 cf
 
 3 
 
467.113(5) 214081 467.116(3) -0.003 4s
2
4p
2
   
1
D 2 4s
2
4p7d 
3
F
o
2 13031.57 227111.1 1.29E+08
 cf
 
 3 
 
468.244(5) 213563.9 468.241(3) 0.003 4s
2
4p
2
   
1
D 2 4s
2
4p8s 
3
P
o
1 13031.57 226596.7 3.80E+08 
 40 
 
468.560(5) 213419.8 468.5549(19) 0.005 4s
2
4p
2
   
3
P 2 4s
2
4p7s 
3
P
o
2 3935.82 217358 2.26E+09 
 9 
 
469.161(5) 213146.4 469.1580(16) 0.003 4s
2
4p
2
   
3
P 0 4s
2
4p7s 
3
P
o
1 0 213147.8 4.47E+08 
 6 
 
469.343(5) 213063.8 469.3398(24) 0.003 4s
2
4p
2
   
3
P 
1
 4s
2
4p6d 
3
D
o
1 1742.27 214807.5 5.09E+08 
 75 
 
470.311(5) 212625.3 470.3137(20) -0.003 4s
2
4p
2
   
3
P 1 4s
2
4p6d 
3
D
o
2 1742.27 214366.3 3.94E+09 
 2 
 
471.715(5) 211992.4 471.721(3) -0.006 4s
2
4p
2
   
3
P 1 4s
2
4p6d 
3
F
o
2 1742.27 213732.2 9.13E+07 
 7 
 
473.026(5) 211404.9 473.0245(16) 0.001 4s
2
4p
2
   
3
P 1 4s
2
4p7s 
3
P
o
1 1742.27 213147.8 3.06E+08 
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I
a
 Char.
b
 λobs
c 
Å   σobs cm
-1
       λRitz
d 
Å ΔλO-Ritz
e
  Å Classification Elow  cm
-1
        Eupp cm
-1
 gA
f
  S
-1
 
 
14 
 
473.322(5) 211272.7 473.3292(24) -0.007 4s
2
4p
2
   
3
P 1 4s
2
4p7s 
3
P
o
0 1742.27 213011.7 5.53E+08 
 0 P _ 210730 474.2220(25) _ 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
D
o
1 3935.82 214807.5 
  75 
 
475.069(5) 210495.7 475.0739(23) -0.005 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
F
o
3 3935.82 214429.4 3.09E+09 
 3 
 
475.214(5) 210431.5 475.2163(20) -0.002 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
D
o
2 3935.82 214366.3 2.13E+08
cf
 
 5 
 
476.652(5) 209796.7 476.653(3) -0.001 4s
2
4p
2
   
3
P 2 4s
2
4p6d 
3
F
o
2 3935.82 213732.2 3.06E+08 
 22 
 
477.989(5) 209209.8 477.9841(16) 0.005 4s
2
4p
2
   
3
P 2 4s
2
4p7s 
3
P
o
1 3935.82 213147.8 7.58E+08 
 90 
 
484.043(5) 206593.2 484.042(3) 0.001 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
1
F
o
3 13031.57 219625.3 1.26E+10 
 7 
 
486.001(5) 205760.9 486.0009(23) 0 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
3
P
o
2 13031.57 218792.5 5.02E+08 
 5 
 
486.901(5) 205380.6 486.911(3) -0.01 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
3
D
o
3 13031.57 218407.8 3.18E+06
 cf
 
 20 
 
487.530(5) 205115.6 487.525(3) 0.005 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
1
D
o
2 13031.57 218149.4 1.31E+09 
 32 
 
488.779(5) 204591.4 488.7702(20) 0.009 4s
2
4p
2
   
1
D 2 4s
2
4p7s 
1
P
o
1 13031.57 217626.7 2.27E+09 
 3 
 
489.416(5) 204325.2 489.4129(20) 0.003 4s
2
4p
2
   
1
D 2 4s
2
4p7s 
3
P
o
2 13031.57 217358 1.83E+08 
 5 
 
489.893(5) 204126.2 489.893(5) 0 4s
2
4p
2
   
1
S 0 4s
2
4p7d 
1
P
o
1 28128.64 232255.3 2.37E+09 
 2 
 
492.877(5) 202890.4 492.878(3) -0.001 4s
2
4p
2
   
1
S 0 4s
2
4p8s 
1
P
o
1 28128.64 231018.5 2.53E+08 
 40 
 
496.526(5) 201399.3 496.5297(25) -0.004 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
3
F
o
3 13031.57 214429.4 1.66E+09 
 4 
 
496.689(5) 201333.2 496.6853(22) 0.004 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
3
D
o
2 13031.57 214366.3 4.08E+08 
 12 
 
498.260(5) 200698.4 498.255(3) 0.005 4s
2
4p
2
   
1
D 2 4s
2
4p6d 
3
F
o
2 13031.57 213732.2 4.08E+08 
 10 
 
499.716(5) 200113.7 499.7096(17) 0.006 4s
2
4p
2
   
1
D 2 4s
2
4p7s 
3
P
o
1 13031.57 213147.8 5.97E+08 
 5 
 
501.583(5) 199368.8 501.583(3) 0 4s
2
4p
2
   
1
S 0 4s
2
4p7d 
3
D
o
1 28128.64 227497.3 4.70E+08 
 8 
 
505.024(5) 198010.4 505.0244(8) 0 4s
2
4p
2
   
3
P 0 4s
2
4p5d 
1
P
o
1 0 198010.22 1.63E+08
 cf
 
 2 
 
509.508(5) 196267.8 509.5075(6) 0 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
1
P
o
1 1742.27 198010.22 8.08E+07
 cf
 
 2 
 
515.50(60) 193986 515.2663(6) 0.23 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
1
P
o
1 3935.82 198010.22 1.72E+06
 cf
 
 42 
 
517.204(5) 193347.3 517.1900(7) 0.014 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
3
P
o
0 1742.27 195094.82 1.73E+09 
 60 
 
517.591(5) 193202.7 517.5814(12) 0.01 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
3
P
o
1 1742.27 194948.6 3.53E+09 
 30 
 
518.189(5) 192979.8 518.1797(10) 0.009 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
3
P
o
2 1742.27 194725.5 1.34E+09
 cf
 
 0 
 
518.58(7) 192830 518.3949(7) 0.19 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
1
F
o
3 3935.82 196838.94 1.15E+06
 cf
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12 
 
520.406(5) 192157.7 520.3996(8) 0.006 4s
2
4p
2
   
3
P 0 4s
2
4p6s 
1
P
o
1 0 192160.04 4.33E+08
 cf
 
 22 
 
520.909(5) 191972.1 520.908(3) 0.001 4s
2
4p
2
   
1
S 0 4s
2
4p6d 
1
P
o
1 28128.64 220101 3.83E+09 
 80 
 
522.039(5) 191556.6 522.0281(6) 0.011 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
1
D
o
2 1742.27 193302.84 5.29E+09 
 60 
 
523.534(5) 191009.6 523.5252(12) 0.009 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
P
o
1 3935.82 194948.6 2.25E+09 
 80 
 
523.996(5) 190841.2 523.9997(1) -0.004 4s
2
4p
2
   
3
P 0 4s
2
4p5d 
3
D
o
1 0 190839.8 7.00E+09 
 85 
 
524.149(5) 190785.4 524.1374(1) 0.012 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
P
o
2 3935.82 194725.5 8.08E+09 
 40 
 
525.167(5) 190415.6 525.1611(6) 0.006 4s
2
4p
2
   
3
P 1 4s
2
4p6s 
1
P
o
1 1742.27 192160.04 1.22E+09 
 130 
 
526.379(5) 189977.2 526.3773(14) 0.002 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
D
o
3 3935.82 193913.6 1.89E+10 
 18 
 
526.923(5) 189781 526.9269(8) -0.004 4s
2
4p
2
   
3
P 1 4s
2
4p6s 
3
P
o
2 1742.27 191521.9 4.44E+08 
 2 
 
527.712(5) 189497.3 527.7099(24) 0.002 4s
2
4p
2
   
1
S 0 4s
2
4p7s 
1
P
o
1 28128.64 217626.7 4.18E+08 
 30 
 
528.090(5) 189361.7 528.0751(6) 0.015 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
1
D
o
2 3935.82 193302.84 8.15E+08
 cf
 
 35 
 
528.823(5) 189099.2 528.8276(8) -0.005 4s
2
4p
2
   
3
P 
1
 4s
2
4p5d 
3
D
o
1 1742.27 190839.8 9.36E+08 
 100 B 531.131(5) 188277.5 531.1337(8) -0.003 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
3
D
o
2 1742.27 190018.79 8.81E+09 
 80 
 
533.089(5) 187585.9 533.0886(8) 0 4s
2
4p
2
   
3
P 2 4s
2
4p6s 
3
P
o
2 3935.82 191521.9 4.28E+09 
 40 
 
533.553(5) 187422.8 533.5482(9) 0.005 4s
2
4p
2
   
3
P 0 4s
2
4p6s 
3
P
o
1 0 187424.5 1.10E+09 
 3 
 
535.03(5) 186905.4 535.0341(8) -0.004 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
D
o
1 3935.82 190839.8 5.63E+07
 cf
 
 28 
 
535.659(5) 186685.9 535.6637(8) -0.005 4s
2
4p
2
   
3
P 1 4s
2
4p5d 
3
F
o
2 1742.27 188426.58 1.98E+08 
 5 
 
535.89(7) 186605 535.679(3) 0.21 4s
2
4p
2
   
1
S 0 4s
2
4p6d 
3
D
o
1 28128.64 214807.5 4.22E+08 
 25 B 537.391(5) 186084.2 537.3947(8) -0.004 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
D
o
2 3935.82 190018.79 1.42E+09
 cf
 
 50 
 
538.476(5) 185709.3 538.4723(12) 0.004 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
F
o
3 3935.82 189646.4 4.14E+09 
 48 
 
538.565(5) 185678.6 538.5545(7) 0.011 4s
2
4p
2
   
3
P 1 4s
2
4p6s 
3
P
o
1 1742.27 187424.5 7.43E+08 
 55 
 
539.294(5) 185427.6 539.3027(17) -0.009 4s
2
4p
2
   
3
P 1 4s
2
4p6s 
3
P
o
0 1742.27 187166.9 1.29E+09 
 2 
 
540.489(5) 185017.6 540.4846(2) 0.004 4s
2
4p
2
   
1
S 0 4s
2
4p7s 
3
P
o
1 28128.64 213147.8 1.35E+08 
 22 
 
542.031(5) 184491.3 542.0326(8) -0.002 4s
2
4p
2
   
3
P 2 4s
2
4p5d 
3
F
o
2 3935.82 188426.58 5.62E+08 
 140 
 
544.047(5) 183807.6 544.0478(7) -0.001 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
1
F
o
3 13031.57 196838.94 2.68E+10 
 60 
 
545.000(5) 183486.2 544.9927(7) 0.007 4s
2
4p
2
   
3
P 2 4s
2
4p6s 
3
P
o
1 3935.82 187424.5 1.74E+09 
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38 
 
550.388(5) 181690 550.3761(11) 0.012 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
3
P
o
2 13031.57 194725.5 1.30E+09 
 2 P _ _ 552.8465(15) _ 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
3
D
o
3 13031.57 193913.6 
  65 
 
554.735(5) 180266.3 554.7196(7) 0.015 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
1
D
o
2 13031.57 193302.84 3.89E+09 
 75 
 
558.267(5) 179125.8 558.2586(6) 0.008 4s
2
4p
2
   
1
D 2 4s
2
4p6s 
1
P
o
1 13031.57 192160.04 4.14E+09 
 22 
 
560.255(5) 178490.2 560.2544(9) 0.001 4s
2
4p
2
   
1
D 2 4s
2
4p6s 
3
P
o
2 13031.57 191521.9 1.04E+09 
 20 
 
562.399(5) 177809.7 562.4037(9) -0.005 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
3
D
o
1 13031.57 190839.8 6.72E+08 
 60 
 
565.013(5) 176987.1 565.0125(8) 0 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
3
D
o
2 13031.57 190018.79 2.23E+09 
 45 
 
566.211(5) 176612.6 566.2039(13) 0.007 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
3
F
o
3 13031.57 189646.4 1.07E+09 
 45 
 
570.141(5) 175395.2 570.1416(9) -0.001 4s
2
4p
2
   
1
D 2 4s
2
4p5d 
3
F
o
2 13031.57 188426.58 1.25E+09 
 35 
 
573.431(5) 174388.9 573.4177(8) 0.013 4s
2
4p
2
   
1
D 2 4s
2
4p6s 
3
P
o
1 13031.57 187424.5 9.24E+08 
 90 
 
588.648(5) 169880.8 588.6453(9) 0.003 4s
2
4p
2
   
1
S 0 4s
2
4p5d 
1
P
o
1 28128.64 198010.22 1.01E+10 
 10 S 
 
_ 599.4487(17) _ 4s
2
4p
2
   
1
S 0 4s
2
4p5d 
3
P
o
1 28128.64 194948.6 3.77E+07
 cf
 
 38 
 
609.647(5) 164029.3 609.6394(9) 0.008 4s
2
4p
2
   
1
S 0 4s
2
4p6s 
1
P
o
1 28128.64 192160.04 8.27E+08 
 5 
 
614.585(5) 162711.4 614.5860(12) -0.001 4s
2
4p
2
   
1
S 0 4s
2
4p5d 
3
D
o
1 28128.64 190839.8 1.08E+08
 cf
 
 12 
 
627.771(5) 159293.8 627.7627(11) 0.008 4s
2
4p
2
   
1
S 0 4s
2
4p6s 
3
P
o
1 28128.64 187424.5 1.46E+08 
 130 
 
640.560(6) 156113 640.583(3) -0.02 4s
2
4p
2
   
3
P 1 4s
2
4p4d 
1
P
o
1 1742.27 157850 7.82E+06
 cf
 
 55 
 
684.527(5) 146086.3 684.5414(1) -0.014 4s
2
4p
2
   
3
P 1 4s4p
3
    
1
D
o
2 1742.27 147825.47 5.31E+08 
 85 
 
690.520(5) 144818.4 690.520(4) 0 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
1
P
o
1 13031.57 157850 4.09E+09
 cf
 
 65 
 
690.868(5) 144745.5 690.8645(1) 0.003 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
1
F
o
3 3935.82 148682 6.58E+08
 cf
 
 72 
 
694.977(5) 143889.6 694.977(1) 0 4s
2
4p
2
   
3
P 2 4s4p
3
    
1
D
o
2 3935.82 147825.47 7.06E+08
 cf
 
 62 
 
700.490(5) 142757.2 700.4922(14) -0.002 4s
2
4p
2
   
3
P 0 4s
2
4p4d 
3
P
o
1 0 142756.77 7.76E+07
 cf
 
 120 
 
709.145(5) 141014.9 709.1469(1) -0.002 4s
2
4p
2
   
3
P 1 4s
2
4p4d 
3
P
o
1 1742.27 142756.77 1.96E+10 
 120 
 
709.410(5) 140962.2 709.4061(9) 0.004 4s
2
4p
2
   
3
P 1 4s
2
4p4d 
3
D
o
2 1742.27 142705.26 1.66E+10 
 130 
 
711.050(5) 140637.1 711.0479(14) 0.002 4s
2
4p
2
   
3
P 0 4s
2
4p4d 
3
D
o
1 0 140637.5 3.05E+10 
 150 
 
711.376(5) 140572.6 711.3790(11) -0.003 4s
2
4p
2
   
3
P 1 4s
2
4p4d 
3
P
o
0 1742.27 142314.31 1.04E+10 
 100 
 
718.385(5) 139201.1 718.3829(15) 0.002 4s
2
4p
2
   
3
P 0 4s4p
3
    
3
S
o
1 0 139201.53 8.99E+09 
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200 
 
719.966(7) 138895.4 719.9671(1) -0.001 4s
2
4p
2
   
3
P 1 4s
2
4p4d 
3
D
o
1 1742.27 140637.5 9.63E+09 
 160 
 
720.359(7) 138819.7 720.3524(1) 0.007 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
P
o
1 3935.82 142756.77 1.52E+10 
 220 
 
720.621(7) 138769.2 720.6198(9) 0.001 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
D
o
2 3935.82 142705.26 5.26E+10 
 999 B 724.226(10) 138078.4 724.2298(1) -0.004 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
D
o
3 3935.82 142013.55 1.09E+11 
 600 B 726.387(10) 137667.7 726.3922(1) -0.005 4s
2
4p
2
   
3
P 1 4s
2
4p4d 
3
P
o
2 1742.27 139408.95 5.37E+10 
 87 
 
727.488(5) 137459.3 727.4883(11) 0 4s
2
4p
2
   
3
P 1 4s4p
3
    
3
S
o
1 1742.27 139201.53 6.68E+09 
 100 
 
730.215(5) 136946 730.2228(16) -0.008 4s
2
4p
2
   
3
P 0 4s4p
3
    
1
P
o
1 0 136944.5 3.85E+09 
 96 
 
731.522(5) 136701.3 731.5199(11) 0.002 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
D
o
1 3935.82 140637.5 2.00E+09
 cf
 
 999 
 
737.20(1) 135648.4 737.1890(11) 0.011 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
1
F
o
3 13031.57 148682 1.03E+11 
 110 
 
738.146(5) 135474.6 738.1538(1) -0.008 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
P
o
2 3935.82 139408.95 4.05E+09
 cf
 
 90 
 
739.285(5) 135265.8 739.2857(11) -0.001 4s
2
4p
2
   
3
P 2 4s4p
3
    
3
S
o
1 3935.82 139201.53 5.82E+09 
 120 
 
739.631(7) 135202.6 739.6328(12) -0.002 4s
2
4p
2
   
3
P 1 4s4p
3
    
1
P
o
1 1742.27 136944.5 1.06E+10 
 300 
 
741.855(8) 134797.2 741.8733(11) -0.018 4s
2
4p
2
   
1
D 2 4s4p
3
    
1
D
o
2 13031.57 147825.47 7.87E+10 
 220 
 
751.832(7) 133008.4 751.8306(12) 0.001 4s
2
4p
2
   
3
P 2 4s4p
3
    
1
P
o
1 3935.82 136944.5 1.79E+10 
 100 
 
759.559(7) 131655.3 759.5660(16) -0.007 4s
2
4p
2
   
3
P 0 4s
2
4p5s 
1
P
o
1 0 131654.13 7.85E+08 
 130 
 
769.748(7) 129912.6 769.7527(11) -0.005 4s
2
4p
2
   
3
P 1 4s
2
4p5s 
1
P
o
1 1742.27 131654.13 2.94E+07
 cf
 
 500 D 770.868(14) 129723.9 770.8602(11) 0.008 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
P
o
1 13031.57 142756.77 9.75E+08 
 500 D 770.868(14) 129723.9 770.883(5) -0.015 4s
2
4p
2
   
1
S 0 4s
2
4p4d 
1
P
o
1 28128.64 157850 3.79E+10 
 60 
 
771.166(5) 129673.8 771.1665(1) 0 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
D
o
2 13031.57 142705.26 2.19E+08
 cf
 
 100 
 
775.297(5) 128982.8 775.3021(11) -0.005 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
D
o
3 13031.57 142013.55 5.59E+08
 cf
 
 400 
 
777.320(8) 128647.1 777.3208(12) -0.001 4s
2
4p
2
   
3
P 1 4s
2
4p5s 
3
P
o
2 1742.27 130389.29 6.36E+09 
 95 
 
782.969(5) 127719 782.9731(11) -0.004 4s
2
4p
2
   
3
P 2 4s
2
4p5s 
1
P
o
1 3935.82 131654.13 2.61E+09 
 450 B 783.669(8) 127604.9 783.6626(11) 0.006 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
D
o
1 13031.57 140637.5 1.65E+09 
 200 
 
788.767(8) 126780.2 788.7702(18) -0.003 4s
2
4p
2
   
3
P 0 4s
2
4p5s 
3
P
o
1 0 126779.63 3.49E+09 
 600 
 
790.810(8) 126452.6 790.8047(12) 0.005 4s
2
4p
2
   
3
P 2 4s
2
4p5s 
3
P
o
2 3935.82 130389.29 1.58E+10 
 98 
 
791.276(5) 126378.2 791.2808(1) -0.005 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
P
o
2 13031.57 139408.95 7.01E+08
 cf
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180 
 
792.583(7) 126169.8 792.5817(12) 0.001 4s
2
4p
2
   
1
D 2 4s4p
3
    
3
S
o
1 13031.57 139201.53 1.96E+10 
 250 
 
799.756(7) 125038.1 799.7610(13) -0.005 4s
2
4p
2
   
3
P 1 4s
2
4p5s 
3
P
o
1 1742.27 126779.63 2.68E+09 
 150 
 
803.002(7) 124532.7 803.0008(16) 0.001 4s
2
4p
2
   
3
P 1 4s
2
4p5s 
3
P
o
0 1742.27 126275.15 3.92E+09 
 300 
 
807.017(8) 123913.1 807.0183(13) -0.001 4s
2
4p
2
   
1
D 2 4s4p
3
    
1
P
o
1 13031.57 136944.5 1.16E+10 
 350 
 
814.037(8) 122844.5 814.0418(13) -0.005 4s
2
4p
2
   
3
P 2 4s
2
4p5s 
3
P
o
1 3935.82 126779.63 3.98E+09 
 90 
 
817.602(5) 122308.9 817.6098(13) -0.008 4s
2
4p
2
   
3
P 
1
 4s
2
4p4d 
3
F
o
2 1742.27 124050 1.65E+08 
 71 
 
823.896(5) 121374.5 823.9080(14) -0.012 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
F
o
3 3935.82 125308.6 5.70E+08 
 90 
 
832.542(5) 120114.1 832.5412(14) 0.001 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
3
F
o
2 3935.82 124050 6.29E+07 
 200 
 
843.013(7) 118622.1 843.0100(12) 0.003 4s
2
4p
2
   
1
D 2 4s
2
4p5s 
1
P
o
1 13031.57 131654.13 6.90E+08
 cf
 
 45 
 
852.098(5) 117357.4 852.0956(13) 0.002 4s
2
4p
2
   
1
D 2 4s
2
4p5s 
3
P
o
2 13031.57 130389.29 4.50E+08 
 70 
 
879.132(5) 113748.6 879.1359(15) -0.004 4s
2
4p
2
   
1
D 2 4s
2
4p5s 
3
P
o
1 13031.57 126779.63 5.13E+08
 cf
 
 70 
 
888.817(5) 112509.1 888.8189(18) -0.002 4s
2
4p
2
   
1
S 0 4s
2
4p4d 
3
D
o
1 28128.64 140637.5 2.45E+07
 cf
 
 78 
 
890.642(5) 112278.6 890.6541(16) -0.012 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
F
o
3 13031.57 125308.6 1.30E+08 
 68 
 
900.310(5) 111072.9 900.3097(18) 0 4s
2
4p
2
   
1
S 0 4s4p
3
    
3
S
o
1 28128.64 139201.53 2.27E+08
 cf
 
 78 
 
900.750(5) 111018.6 900.7513(15) -0.001 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
3
F
o
2 13031.57 124050 9.39E+07 
 69 
 
902.334(5) 110823.7 902.3516(14) -0.018 4s
2
4p
2
   
3
P 
1
 4s
2
4p4d 
1
D
o
2 1742.27 112563.82 5.74E+07 
 61 
 
918.987(5) 108815.5 918.9837(2) 0.003 4s
2
4p
2
   
1
S 0 4s4p
3
    
1
P
o
1 28128.64 136944.5 3.22E+08
 cf
 
 54 
 
920.566(5) 108628.8 920.5730(15) -0.007 4s
2
4p
2
   
3
P 2 4s
2
4p4d 
1
D
o
2 3935.82 112563.82 1.43E+06
 cf
 
 76 
 
938.147(5) 106593.1 938.1447(24) 0.002 4s
2
4p
2
   
3
P 0 4s4p
3
    
3
P
o
1 0 106593.36 5.81E+08
 cf
 
 79 
 
953.740(5) 104850.4 953.7335(18) 0.006 4s
2
4p
2
   
3
P 1 4s4p
3
    
3
P
o
1 1742.27 106593.36 6.59E+08
 cf
 
 72 
 
954.441(5) 104773.4 954.4373(16) 0.004 4s
2
4p
2
   
3
P 1 4s4p
3
    
3
P
o
2 1742.27 106516.05 4.35E+08
 cf
 
 73 
 
954.745(5) 104740 954.7375(24) 0.007 4s
2
4p
2
   
3
P 1 4s4p
3
    
3
P
o
0 1742.27 106483.1 5.80E+08
 cf
 
 60 
 
965.942(5) 103525.9 965.9457(19) -0.004 4s
2
4p
2
   
1
S 0 4s
2
4p5s 
1
P
o
1 28128.64 131654.13 4.02E+08
 cf
 
 79 
 
974.109(5) 102657.9 974.1126(18) -0.004 4s
2
4p
2
   
3
P 2 4s4p
3
    
3
P
o
1 3935.82 106593.36 4.45E+08
 cf
 
 73 B 974.857(5) 102579.1 974.8467(17) 0.01 4s
2
4p
2
   
3
P 2 4s4p
3
    
3
P
o
2 3935.82 106516.05 2.04E+09
 cf
 
 13 
 
980.266(5) 102013.1 980.2726(19) -0.007 4s4p
3
    
3
Do3 4s
2
4p4f 
3
D 3 93289.26 195301.7 9.88E+08 
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7 
 
989.307(5) 101080.9 989.3100(19) -0.003 4s4p
3
    
3
D
o
2 4s
2
4p4f 
3
G 3 92726.5 193807.05 7.00E+08 
 35 
 
992.070(5) 100799.3 992.0591(21) 0.011 4s4p
3
    
3
D
o
3 4s
2
4p4f 
3
G 4 93289.26 194089.71 2.15E+09 
 81 
 
1004.688(5) 99533.4 1004.6995(16) -0.011 4s
2
4p
2
   
1
D 2 4s
2
4p4d 
1
D
o
2 13031.57 112563.82 1.22E+09
 cf
 
 57 
 
1013.674(5) 98651 1013.6746(23) -0.001 4s
2
4p
2
   
1
S 0 4s
2
4p5s 
3
P
o
1 28128.64 126779.63 5.60E+07
 cf
 
 25 
 
1021.788(5) 97867.7 1021.7934(23) -0.005 4s4p
3
    3D
o
1 4s
2
4p4f 
3
F 2 92610.96 190478.1 2.13E+09 
 30 
 
1024.898(5) 97570.7 1024.9006(22) -0.003 4s4p
3
    
3
D
o
2 4s
2
4p4f 
3
F 3 92726.5 190296.94 2.36E+09 
 30 
 
1028.602(5) 97219.3 1028.5957(22) 0.006 4s4p
3
    
3
D
o
3 4s
2
4p4f 
3
F 4 93289.26 190509.19 2.63E+09 
 61 
 
1068.817(5) 93561.4 1068.8124(21) 0.005 4s
2
4p
2
   1D 2 4s4p
3
    
3
P
o
1 13031.57 106593.36 1.49E+07
 cf
 
 57 
 
1069.697(5) 93484.4 1069.6963(19) 0.001 4s
2
4p
2
   
1
D 2 4s4p
3
    
3
P
o
2 13031.57 106516.05 9.14E+04
 cf
 
 80 
 
1079.787(5) 92610.9 1079.786(3) 0.001 4s
2
4p
2
   
3
P 0 4s4p
3
    
3
D
o
1 0 92610.96 3.94E+08
 cf
 
 77 
 
1099.099(5) 90983.6 1099.092(3) 0.007 4s
2
4p
2
   
3
P 1 4s4p
3
    
3
D
o
2 1742.27 92726.5 8.30E+08
 cf
 
 50 
 
1100.488(5) 90868.8 1100.489(3) -0.001 4s
2
4p
2
   
3
P 1 4s4p
3
    
3
D
o
1 1742.27 92610.96 1.44E+08
 cf
 
 5 
 
1109.457(5) 90134.2 1109.4509(21) 0.006 4s4p
3
    
3
P
o
1 4s
2
4p4f 
1
D 2 106593.36 196728.04 1.86E+08
 cf
 
 100 B 1119.153(5) 89353.3 1119.151(3) 0.002 4s
2
4p
2
   
3
P 2 4s4p
3
    
3
D
o
3 3935.82 93289.26 1.13E+09
 cf
 
 4 
 
1122.752(5) 89066.9 1122.7484(18) 0.004 4s4p
3
    
3
P
o
2 4s
2
4p4f 
3
D 2 106516.05 195583.2 4.41E+08 
 8 
 
1123.731(5) 88989.3 1123.7238(2) 0.007 4s4p
3
    
3
P
o
1 4s
2
4p4f 
3
D 2 106593.36 195583.2 7.67E+08 
 50 
 
1126.25(2) 88790.2 1126.244(3) 0.006 4s
2
4p
2
   
3
P 2 4s4p
3
    
3
D
o
2 3935.82 92726.5 6.24E+07
 cf
 
 50 
 
1126.25(2) 88790.2 1126.3081(21) -0.058 4s4p
3
    
3
P
o
2 4s
2
4p4f 
3
D 3 106516.05 195301.7 1.72E+09 
 5 
 
1127.707(5) 88675.5 1127.712(3) -0.005 4s
2
4p
2
   
3
P 2 4s4p
3
    
3
D
o
1 3935.82 92610.96 4.92E+06
 cf
 
 20 
 
1188.152(5) 84164.3 1188.1534(2) -0.001 4s
2
4p4d 
1
D
o
2 4s
2
4p4f 
1
D 2 112563.82 196728.04 6.24E+08 
 12 
 
1193.593(5) 83780.7 1193.5896(22) 0.003 4s4p
3
    
3
P
o
2 4s
2
4p4f 
3
F 3 106516.05 190296.94 6.24E+08 
 10 
 
1198.032(5) 83470.2 1198.0346(24) -0.003 4s4p
3
    
3
P
o
2 4s
2
4p4f 
1
F 3 106516.05 189986.09 6.24E+08 
 38 
 
1208.641(5) 82737.6 1208.6362(21) 0.005 4s
2
4p4d 
1
D
o
2 4s
2
4p4f 
3
D 3 112563.82 195301.7 8.35E+08 
 16 P _ 81463 1227.05(3) _ 4s
2
4p5p 
1
P 
1
 4s
2
4p7d 
1
P
o
1 150758.96 232255.3 
  70 
 
1230.869(5) 81243.41 1230.8718(9) -0.0028 4s
2
4p4d 
1
D
o
2 4s
2
4p4f 
3
G 3 112563.82 193807.05 1.50E+09 
 3 P _ 80800 1237.084(19) _ 4s
2
4p5p 
1
P 1 4s
2
4p7d 
3
P
o
2 150758.96 231594.2 
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95 
 
1245.985(5) 80257.8 1245.987(3) -0.002 4s
2
4p
2
   
1
D 2 4s4p
3
    
3
D
o
3 13031.57 93289.26 4.75E+07
 cf
 
 6 
 
1254.789(5) 79694.7 1254.785(3) 0.004 4s
2
4p
2
   
1
D 2 4s4p
3
    
3
D
o
2 13031.57 92726.5 3.37E+06
 cf
 
 75 
 
1256.59(6) 79581 1256.607(4) -0.02 4s
2
4p
2
   
1
D 2 4s4p
3
    
3
D
o
1 13031.57 92610.96 8.73E+06
 cf
 
 20 
 
1274.455(5) 78464.9 1274.458(3) -0.003 4s
2
4p
2
   
1
S 0 4s4p
3
    
3
P
o
1 28128.64 106593.36 6.15E+06
 cf
 
 6 
 
1283.482(5) 77913.1 1283.462(3) 0.02 4s
2
4p4d 
1
D
o
2 4s
2
4p4f 
3
F 2 112563.82 190478.1 1.30E+08 
 16 P _ 77789 1285.204(21) _ 4s
2
4p5p 
3
D 1 4s
2
4p8s 
1
P
o
1 153209.84 231018.5 
  4 P _ 77758 1285.674(22) _ 4s
2
4p5p 
3
D 2 4s
2
4p7d 
1
D
o
2 153519.163 231299.4 
  20 
 
1290.92(6) 77464 1290.75(3) 0.17 4s
2
4p5p 
3
P 0 4s
2
4p7d 
1
P
o
1 154781.05 232255.3 1.31E+07
 cf
 
 300 
 
1291.579(10) 77424.6 1291.618(3) -0.039 4s
2
4p4d 
1
D
o
2 4s
2
4p4f 
1
F 3 112563.82 189986.09 4.30E+09 
 22 
 
1301.14(6) 76856 1301.13(4) 0.01 4s
2
4p5p 
3
P 0 4s
2
4p7d 
3
P
o
1 154781.05 231637.4 2.52E+8 
 18 P _ 76729 1303.130(22) _ 4s
2
4p5p 
1
P 
1
 4s
2
4p7d 
3
D
o
1 150758.96 227497.3   
 5 
 
1307.56(6) 76479 1307.46(3) 0.09 4s
2
4p5p 
1
P 1 4s
2
4p7d 
3
D
o
2 150758.96 227243 2.29E+07
 cf
 
 2 
 
1309.78(6) 76349 1309.721(20) 0.06 4s
2
4p5p 
1
P 1 4s
2
4p7d 
3
F
o
2 150758.96 227111.1 3.78E+08 
 2 
 
1320.07(6) 75754 1319.92(3) 0.15 4s
2
4p5p 
1
P 1 4s
2
4p8s 
3
P
o
0 150758.96 226521.2 2.61E+07 
 2 
 
1329.04(6) 75242 1329.156(21) -0.11 4s
2
4p5p 
3
P 
1
 4s
2
4p7d 
3
P
o
2 156358.51 231594.2 1.10E+05
 cf
 
 24 
 
1338.64(6) 74703 1338.64(3) 0.01 4s
2
4p5p 
3
D 3 4s
2
4p7d 
3
D
o
3 156691.445 231394.4 2.91E+08 
 3 
 
1339.46(6) 74657 1339.405(23) 0.05 4s
2
4p5p 
3
P 1 4s
2
4p8s 
1
P
o
1 156358.51 231018.5 1.24E+08 
 5 
 
1347.98(6) 74185 1348.10(3) -0.12 4s
2
4p5p 
3
D 
3
 4s
2
4p8s 
3
P
o
2 156691.445 230869.9 3.41E+08 
 2 
 
1353.14(6) 73902 1353.157(21) -0.02 4s
2
4p5p 
3
D 1 4s
2
4p7d 
3
F
o
2 153209.84 227111.1 6.68E+07
 cf
 
 2 
 
1354.40(6) 73833 1354.448(25) -0.05 4s
2
4p5p 
3
D 2 4s
2
4p7d 
3
F
o
3 153519.163 227350 6.60E+08 
 15 
 
1356.50(6) 73719 1356.449(22) 0.05 4s
2
4p5p 
3
P 2 4s
2
4p7d 
3
P
o
2 157872.31 231594.2 5.15E+07
 cf
 
 12 
 
1358.81(6) 73594 1358.845(21) -0.04 4s
2
4p5p 
3
D 2 4s
2
4p7d 
3
F
o
2 153519.163 227111.1 4.72E+07
 cf
 
 22 
 
1363.96(6) 73316 1364.05(3) -0.09 4s
2
4p5p 
3
D 1 4s
2
4p8s 
3
P
o
0 153209.84 226521.2 1.12E+08 
 50 
 
1368.42(6) 73077 1368.410(22) 0.01 4s
2
4p5p 
3
D 2 4s
2
4p8s 
3
P
o
1 153519.163 226596.7 2.11E+08 
 12 
 
1370.18(6) 72983 1369.91(3) 0.27 4s
2
4p5p 
3
P 2 4s
2
4p8s 
3
P
o
2 157872.31 230869.9 2.52E+08 
 2 
 
1370.57(6) 72962 1370.71(3) -0.13 4s
2
4p5p 
3
S 1 4s
2
4p7d 
1
P
o
1 159300.3 232255.3 2.55E+07 
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50 
 
1375.21(6) 72716 1375.208(25) 0 4s
2
4p5p 
3
P 0 4s
2
4p7d 
3
D
o
1 154781.05 227497.3 1.70E+08 
 2 
 
1381.73(6) 72373 1381.73(4) 0 4s
2
4p5p 
3
S 1 4s
2
4p7d 
3
P
o
0 159300.3 231673.2 9.87E+07 
 2 
 
1383.14(6) 72299 1383.243(24) -0.1 4s
2
4p5p 
3
S 1 4s
2
4p7d 
3
P
o
2 159300.3 231594.2 2.40E+08 
 2 
 
1392.40(6) 71818 1392.454(23) -0.05 4s
2
4p5p 
3
P 0 4s
2
4p8s 
3
P
o
1 154781.05 226596.7 3.75E+07 
 5 
 
1397.930(5) 71534.3 1397.952(3) -0.022 4s
2
4p4d 
3
F
o
2 4s
2
4p4f 
3
D 2 124050 195583.2 4.63E+07
 cf
 
 8 
 
1405.72(7) 71138 1405.70(3) 0.02 4s
2
4p5p 
3
P 1 4s
2
4p7d 
3
D
o
1 156358.51 227497.3 1.22E+07
 cf
 
 4 
 
1419.98(6) 70423 1419.931(24) 0.05 4s
2
4p5p 
1
D 2 4s
2
4p7d 
3
P
o
2 161168.26 231594.2 1.76E+07
 cf
 
 7 H 1423.002(10) 70274 1422.989(4) 0.013 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
3
D 2 125308.6 195583.2 2.25E+07
 cf
 
 2 
 
1425.94(6) 70129 1425.90(3) 0.04 4s
2
4p5p 
1
D 2 4s
2
4p7d 
1
D
o
2 161168.26 231299.4 4.08E+07
 cf
 
 5 
 
1431.61(6) 69852 1431.63(3) -0.03 4s
2
4p5p 
1
D 2 4s
2
4p8s 
1
P
o
1 161168.26 231018.5 2.07E+08 
 300 
 
1433.583(10) 69755.3 1433.547(3) 0.036 4s
2
4p4d 
3
F
o
2 4s
2
4p4f 
3
G 3 124050 193807.05 3.66E+09 
 2 
 
1439.28(6) 69479 1439.31(3) -0.03 4s
2
4p5p 
3
P 2 4s
2
4p7d 
3
F
o
3 157872.31 227350 4.26E+07
 cf
 
 4 P _ 69351 1441.53(4) _ 4s
2
4p5p 
3
P 2 4s
2
4p7d 
3
D
o
2 157872.31 227243 
  300 
 
1453.893(10) 68780.9 1453.888(4) 0.005 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
3
G 4 125308.6 194089.71 4.05E+09 
 100 
 
1459.922(10) 68496.8 1459.887(3) 0.035 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
3
G 3 125308.6 193807.05 8.89E+08 
 10 
 
1472.941(10) 67891.4 1472.908(5) 0.033 4s
2
4p4d 
3
F
o
4 4s
2
4p4f 
3
D 3 127408.8 195301.7 2.16E+08 
 20 
 
1473.203(10) 67879.3 1473.21(4) -0.007 4s4p
3
    
3
D
o
3 4s
2
4p5p 
1
D 2 93289.26 161168.26 3.98E+07 
 225 
 
1483.81(6) 67394 1483.890(24) -0.08 4s
2
4p5p 
1
P 1 4s
2
4p6d 
1
D
o
2 150758.96 218149.4 8.41E+07
 cf
 
 2 
 
1495.01(6) 66889 1494.966(25) 0.04 4s
2
4p5p 
3
D 1 4s
2
4p6d 
1
P
o
1 153209.84 220101 2.90E+07
 cf
 
 85 
 
1497.898(10) 66760.2 1497.896(7) 0.002 4s
2
4p
2
   
3
P 1 4s4p
3
    
5
S
o
2 1742.27 68502.6 1.57E+06 
 90 
 
1499.453(10) 66691 1499.466(5) -0.013 4s4p
3
    
3
D
o
1 4s
2
4p5p 
3
S 1 92610.96 159301.36 4.90E+06
 cf
 
 100 
 
1499.69(1) 66680.4 1499.68(6) 0.01 4s
2
4p4d 
3
F
o
4 4s
2
4p4f 
3
G 4 127408.8 194089.71 1.52E+09 
 12 
 
1502.087(10) 66574 1502.068(4) 0.019 4s4p
3
    
3
D
o
2 4s
2
4p5p 
3
S 1 92726.5 159301.36 1.84E+07
 cf
 
 55 
 
1505.397(10) 66427.7 1505.387(4) 0.01 4s
2
4p4d 
3
F
o
2 4s
2
4p4f 
3
F 2 124050 190478.1 3.85E+08 
 15 P _ 66308 1507.64(3) _ 4s
2
4p5p 
1
D 2 4s
2
4p7d 
3
D
o
1 161168.26 227497.3 
  300 
 
1509.528(10) 66245.9 1509.504(4) 0.024 4s
2
4p4d 
3
F
o
2 4s
2
4p4f 
3
F 3 124050 190296.94 3.45E+09 
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38 
 
1516.46(6) 65943 1516.46(3) 0 4s
2
4p5p 
1
D 2 4s
2
4p7d 
3
F
o
2 161168.26 227111.1 2.00E+06
 cf
 
 400 
 
1516.632(10) 65935.6 1516.62(4) 0.012 4s
2
4p4d 
3
F
o
2 4s
2
4p4f 
1
F 3 124050 189986.09 9.36E+08 
 4 
 
1521.53(6) 65723 1521.49(3) 0.03 4s
2
4p5p 
3
D 1 4s
2
4p6d 
3
P
o
1 153209.84 218934.7 6.38E+05
 cf
 
 4 P _ 65566 1524.793(23) _ 4s
2
4p5p 
3
D 1 4s
2
4p6d 
3
P
o
2 153209.84 218792.5 
  12 
 
1532.313(10) 65260.8 1532.301(5) 0.012 4s4p
3
    
3
D
o
1 4s
2
4p5p 
3
P 2 92610.96 157872.31 8.89E+06
 cf
 
 500 
 
1533.727(10) 65200.7 1533.728(5) -0.001 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
3
F 4 125308.6 190509.19 4.52E+09 
 35 
 
1534.482(10) 65168.6 1534.46(5) 0.022 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
3
F 2 125308.6 190478.1 1.55E+07
 cf
 
 33 
 
1535.033(10) 65145.2 1535.018(5) 0.015 4s4p
3
    
3
D
o
2 4s
2
4p5p 
3
P 2 92726.5 157872.31 9.05E+07 
 30 
 
1536.712(10) 65074 1536.714(4) -0.002 4s
2
4p5s 
1
P
o
1 4s
2
4p4f 
1
D 2 131654.13 196728.04 3.67E+08 
 12 
 
1538.688(10) 64990.4 1538.738(4) -0.05 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
3
F 3 125308.6 190296.94 2.44E+07
 cf
 
 55 
 
1539.88(6) 64940 1539.89(3) -0.02 4s
2
4p5p 
3
D 1 4s
2
4p6d 
1
D
o
2 153209.84 218149.4 1.15E+08
 cf
 
 50 
 
1546.116(10) 64678.2 1546.133(5) -0.017 4s
2
4p4d 
3
F
o
3 4s
2
4p4f 
1
F 3 125308.6 189986.09 3.75E+08 
 75 
 
1548.403(10) 64582.7 1548.394(5) 0.009 4s4p
3
    
3
D
o
3 4s
2
4p5p 
3
P 2 93289.26 157872.31 3.10E+08 
 100 
 
1548.781(10) 64566.9 1548.784(8) -0.003 4s
2
4p
2
   
3
P 2 4s4p
3
    
5
S
o
2 3935.82 68502.6 3.38E+06 
 140 
 
1561.34(6) 64047.4 1561.32(3) 0.03 4s
2
4p5p 
1
P 1 4s
2
4p6d 
3
D
o
1 150758.96 214807.5 2.91E+08 
 17 
 
1563.33(6) 63966.1 1563.356(5) -0.03 4s4p
3
    
3
D
o
2 4s
2
4p5p 
3
D 3 92726.5 156691.445 1.92E+07 
 20 
 
1564.229(10) 63929.3 1564.234(3) -0.005 4s
2
4p5s 
1
P
o
1 4s
2
4p4f 
3
D 2 131654.13 195583.2 2.76E+08 
 7 
 
1566.41(6) 63840.2 1566.445(21) -0.03 4s
2
4p5p 
3
D 2 4s
2
4p7s 
3
P
o
2 153519.163 217358 2.52E+07
 cf
 
 135 
 
1568.69(6) 63747.5 1568.688(5) 0 4s4p
3
    
3
D
o
1 4s
2
4p5p 
3
P 1 92610.96 156358.51 8.07E+07 
 300 
 
1571.49(6) 63633.8 1571.536(5) -0.04 4s4p
3
    
3
D
o
2 4s
2
4p5p 
3
P 1 92726.5 156358.51 1.34E+08 
 180 
 
1577.22(6) 63402.7 1577.233(5) -0.01 4s4p
3
    
3
D
o
3 4s
2
4p5p 
3
D 3 93289.26 156691.445 1.40E+08 
 18 
 
1584.756(10) 63101.2 1584.776(6) -0.02 4s
2
4p4d 
3
F
o
4 4s
2
4p4f 
3
F 4 127408.8 190509.19 5.92E+07
 cf
 
 3 
 
1602.86(6) 62388.5 1602.851(18) 0.01 4s
2
4p5p 
1
P 
1
 4s
2
4p7s 
3
P
o
1 150758.96 213147.8 2.41E+08 
 65 
 
1606.53(6) 62245.8 1606.35(3) 0.18 4s
2
4p5p 
1
P 1 4s
2
4p7s 
3
P
o
0 150758.96 213011.7 5.04E+07 
 220 
 
1608.48(6) 62170.4 1608.491(6) -0.01 4s4p
3
    
3
D
o
1 4s
2
4p5p 
3
P 0 92610.96 154781.05 2.41E+08 
 0 P _ 62083.7 1610.28(3) _ 4s
2
4p5p 
3
D 3 4s
2
4p6d 
3
P
o
2 156691.445 218792.5 
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3 
 
1620.45(6) 61711.1 1620.32(3) 0.14 4s
2
4p5p 
3
D 3 4s
2
4p6d 
3
D
o
3 156691.445 218407.8 6.19E+08 
 18 
 
1632.10(6) 61270.8 1632.168(23) -0.07 4s
2
4p5p 
3
P 1 4s
2
4p7s 
1
P
o
1 156358.51 217626.7 2.52E+08 
 75 
 
1635.18(6) 61155.3 1635.150(24) 0.03 4s
2
4p5p 
3
D 1 4s
2
4p6d 
3
D
o
2 153209.84 214366.3 8.60E+08 
 120 
 
1641.80(6) 60908.8 1641.76(3) 0.04 4s
2
4p5p 
3
D 2 4s
2
4p6d 
3
F
o
3 153519.163 214429.4 1.56E+09 
 90 M 
 
60908.8 1641.815(6) _ 4s4p
3
    
3
D
o
1 4s
2
4p5p 
3
D 2 92610.96 153519.163 
  6 
 
1643.59(6) 60842.5 1643.463(24) 0.13 4s
2
4p5p 
3
D 2 4s
2
4p6d 
3
D
o
2 153519.163 214366.3 1.01E+08
 cf
 
 28 
 
1644.90(6) 60793.9 1644.935(6) -0.03 4s4p
3
    
3
D
o
2 4s
2
4p5p 
3
D 2 92726.5 153519.163 3.19E+07
 cf
 
 2 
 
1648.32(6) 60667.8 1648.355(23) -0.03 4s
2
4p5p 
3
D 3 4s
2
4p7s 
3
P
o
2 156691.445 217358 6.45E+08 
 32 
 
1651.98(12) 60534 1651.92(3) 0.05 4s
2
4p5p 
3
P 2 4s
2
4p6d 
3
D
o
3 157872.31 218407.8 1.07E+09 
 250 
 
1653.32(6) 60484.4 1653.348(6) -0.03 4s4p
3
    
3
D
o
2 4s
2
4p5p 
3
D 1 92726.5 153209.84 1.15E+08 
 220 
 
1660.286(10) 60230.6 1660.305(5) -0.019 4s4p
3
    
3
D
o
3 4s
2
4p5p 
3
D 2 93289.26 153519.163 1.02E+08 
 25 
 
1672.16(6) 59803 1672.19(3) -0.03 4s
2
4p5p 
3
D 1 4s
2
4p7s 
3
P
o
0 153209.84 213011.7 2.19E+08 
 70 
 
1672.713(10) 59783.1 1672.701(5) 0.012 4s4p
3
    
1
P
o
1 4s
2
4p4f 
1
D 2 136944.5 196728.04 1.09E+08
 cf
 
 2 
 
1673.58(6) 59752.3 1673.517(24) 0.06 4s
2
4p5p 
3
P 2 4s
2
4p7s 
1
P
o
1 157872.31 217626.7 7.61E+05
 cf
 
 4 
 
1676.84(6) 59636.1 1676.88(3) -0.05 4s
2
4p5p 
3
S 1 4s
2
4p6d 
3
P
o
1 159300.3 218934.7 4.85E+08 
 3 
 
1677.05(6) 59628.6 1677.047(19) 0 4s
2
4p5p 
3
D 2 4s
2
4p7s 
3
P
o
1 153519.163 213147.8 4.15E+08 
 6 
 
1680.77(6) 59496.4 1680.89(3) -0.12 4s
2
4p5p 
3
S 1 4s
2
4p6d 
3
P
o
2 159300.3 218792.5 5.23E+08 
 2 
 
1681.05(6) 59486.6 1681.077(24) -0.03 4s
2
4p5p 
3
P 2 4s
2
4p7s 
3
P
o
2 157872.31 217358 5.11E+08 
 8 
 
1696.81(6) 58934 1696.85(3) -0.04 4s
2
4p5p 
1
D 2 4s
2
4p6d 
1
P
o
1 161168.26 220101 5.22E+07 
 13 
 
1699.25(12) 58850 1699.26(3) -0.02 4s
2
4p5p 
3
S 1 4s
2
4p6d 
1
D
o
2 159300.3 218149.4 2.11E+07
 cf
 
 25 
 
1699.98(1) 58824.2 1699.987(5) -0.007 4s
2
4p5s 
1
P
o
1 4s
2
4p4f 
3
F 2 131654.13 190478.1 1.32E+08 
 15 
 
1705.369(10) 58638.3 1705.358(5) 0.011 4s4p
3
    
1
P
o
1 4s
2
4p4f 
3
D 2 136944.5 195583.2 6.94E+07 
 4 
 
1710.63(6) 58458.1 1710.66(4) -0.03 4s
2
4p5p 
1
D 2 4s
2
4p6d 
1
F
o
3 161168.26 219625.3 1.79E+09 
 3 P _ 58326.8 1714.49(3) _ 4s
2
4p5p 
3
S 1 4s
2
4p7s 
1
P
o
1 159300.3 217626.7 
  87 
 
1719.75(6) 58148.1 1719.750(6) 0 4s4p
3
    
3
D
o
1 4s
2
4p5p 
1
P 1 92610.96 150758.96 2.74E+07 
 5 
 
1722.36(6) 58059.8 1722.42(3) -0.06 4s
2
4p5p 
3
S 1 4s
2
4p7s 
3
P
o
2 159300.3 217358 1.92E+08 
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8 
 
1733.73(6) 57679.2 1733.86(3) -0.13 4s
2
4p5p 
3
D 3 4s
2
4p6d 
3
D
o
2 156691.445 214366.3 4.84E+06
 cf
 
 2 
 
1735.47(6) 57621.1 1735.38(3) 0.09 4s
2
4p5p 
1
D 2 4s
2
4p6d 
3
P
o
2 161168.26 218792.5 4.48E+07 
 8 
 
1760.82(6) 56791.6 1760.895(21) -0.07 4s
2
4p5p 
3
P 1 4s
2
4p7s 
3
P
o
1 156358.51 213147.8 4.69E+07
 cf
 
 9 
 
1765.08(6) 56654.6 1765.13(3) -0.04 4s
2
4p5p 
3
P 1 4s
2
4p7s 
3
P
o
0 156358.51 213011.7 2.35E+07
 cf
 
 3 
 
1771.06(6) 56463.5 1771.21(3) -0.16 4s
2
4p5p 
1
D 2 4s
2
4p7s 
1
P
o
1 161168.26 217626.7 3.98E+08 
 550 
 
1773.594(10) 56382.7 1773.626(5) -0.032 4s4p
3
    
3
S
o
1 4s
2
4p4f 
3
D 2 139201.53 195583.2 3.47E+08 
 130 
 
1782.853(10) 56089.9 1782.832(5) 0.021 4s
2
4p4d 
3
D
o
1 4s
2
4p4f 
1
D 2 140637.5 196728.04 3.96E+08 
 180 
 
1789.125(10) 55893.2 1789.141(5) -0.016 4s
2
4p4d 
3
P
o
2 4s
2
4p4f 
3
D 3 139408.95 195301.7 1.17E+09 
 20 
 
1801.48(6) 55509.8 1801.57(4) -0.08 4s
2
4p5p 
3
S 1 4s
2
4p6d 
3
D
o
1 159300.3 214807.5 7.15E+06
 cf
 
 10 
 
1808.97(6) 55280.2 1809.120(23) -0.15 4s
2
4p5p 
3
P 2 4s
2
4p7s 
3
P
o
1 157872.31 213147.8 2.57E+07
 cf
 
 73 
 
1838.314(10) 54397.7 1838.299(4) 0.015 4s
2
4p4d 
3
P
o
2 4s
2
4p4f 
3
G 3 139408.95 193807.05 3.67E+08 
 12 
 
1851.06(1) 54023.1 1851.071(5) -0.011 4s
2
4p4d 
3
D
o
2 4s
2
4p4f 
1
D 2 142705.26 196728.04 1.04E+08
 cf
 
 150 
 
1852.824(10) 53971.7 1852.838(5) -0.014 4s
2
4p4d 
3
P
o
1 4s
2
4p4f 
1
D 2 142756.77 196728.04 2.32E+08 
 8 
 
1866.745(10) 53569.2 1866.729(5) 0.016 4s
2
4p4d 
3
D
o
3 4s
2
4p4f 
3
D 2 142013.55 195583.2 9.22E+07 
 9 
 
1867.962(10) 53534.3 1867.986(6) -0.024 4s4p
3
    
1
P
o
1 4s
2
4p4f 
3
F 2 136944.5 190478.1 2.02E+07 
 90 
 
1876.606(10) 53287.7 1876.59(5) 0.016 4s
2
4p4d 
3
D
o
3 4s
2
4p4f 
3
D 3 142013.55 195301.7 8.84E+08 
 5 
 
1877.60(6) 53259.6 1877.54(4) 0.05 4s
2
4p5p 
1
D 2 4s
2
4p6d 
3
F
o
3 161168.26 214429.4 6.84E+07
 cf
 
 55 
 
1891.144(10) 52878 1891.148(5) -0.004 4s
2
4p4d 
3
D
o
2 4s
2
4p4f 
3
D 2 142705.26 195583.2 9.54E+08 
 95 
 
1893.017(10) 52825.7 1892.992(5) 0.025 4s
2
4p4d 
3
P
o
1 4s
2
4p4f 
3
D 2 142756.77 195583.2 1.21E+09 
 90 
 
1893.37(6) 52815.8 1893.285(9) 0.09 4s4p
3
    
3
P
o
0 4s
2
4p5p 
3
S 1 106483.1 159301.36 3.90E+07 
 70 
 
1894.49(6) 52784.7 1894.466(5) 0.02 4s4p
3
    
3
P
o
2 4s
2
4p5p 
3
S 1 106516.05 159301.36 6.34E+07
 cf
 
 100 
 
1897.27(6) 52707.2 1897.245(6) 0.03 4s4p
3
    
3
P
o
1 4s
2
4p5p 
3
S 1 106593.36 159301.36 9.06E+07 
 100 
 
1901.266(10) 52596.5 1901.269(5) -0.003 4s
2
4p4d 
3
D
o
2 4s
2
4p4f 
3
D 3 142705.26 195301.7 1.89E+09 
 350 
 
1920.255(10) 52076.4 1920.264(6) -0.009 4s
2
4p4d 
3
D
o
3 4s
2
4p4f 
3
G 4 142013.55 194089.71 2.31E+09 
 7 
 
1930.719(10) 51794.2 1930.744(5) -0.025 4s
2
4p4d 
3
D
o
3 4s
2
4p4f 
3
G 3 142013.55 193807.05 1.39E+08 
 70 
 
1947.20(6) 51355.8 1947.182(6) 0.02 4s4p
3
    
3
P
o
2 4s
2
4p5p 
3
P 2 106516.05 157872.31 1.20E+08 
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150 B 1950.196(14) 51276.9 1950.208(7) -0.012 4s4p
3
    
3
S
o
1 4s
2
4p4f 
3
F 2 139201.53 190478.1 2.93E+07 
 150 
 
1950.20(8) 51276.9 1950.118(7) 0.08 4s4p
3
    
3
P
o
1 4s
2
4p5p 
3
P 2 106593.36 157872.31 2.93E+08 
 90 
 
1956.917(10) 51100.8 1956.879(5) 0.038 4s
2
4p4d 
3
D
o
2 4s
2
4p4f 
3
G 3 142705.26 193807.05 5.88E+08 
 400 P _ 51072.1 1958.129(6) _ 4s
2
4p4d 
3
P
o
2 4s
2
4p4f 
3
F 2 139408.95 190478.1 
  260 
 
1965.11(1) 50887.7 1965.1(5) 0.01 4s
2
4p4d 
3
P
o
2 4s
2
4p4f 
3
F 3 139408.95 190296.94 1.64E+09 
 12 
 
1977.198(10) 50576.6 1977.178(6) 0.02 4s
2
4p4d 
3
P
o
2 4s
2
4p4f 
1
F 3 139408.95 189986.09 9.91E+08 
 120 
 
1993.03(6) 50174.9 1993.009(7) 0.02 4s4p
3
    
3
P
o
2 4s
2
4p5p 
3
D 3 106516.05 156691.445 # 
 3 
 
2005.002(10) 49875.26 2004.996(9) 0.006 4s4p
3
    
3
P
o
0 4s
2
4p5p 
3
P 1 106483.1 156358.51 1.83E+07
 cf
 
 15 
 
2006.35(1) 49841.75 2006.322(5) 0.028 4s4p
3
    
3
P
o
2 4s
2
4p5p 
3
P 1 106516.05 156358.51 # 
 125 
 
2006.354(20) 49841.7 2006.396(7) -0.043 4s
2
4p4d 
3
D
o
1 4s
2
4p4f 
3
F 2 140637.5 190478.1 # 
 60 B 2009.425(10) 49765.48 2009.438(6) -0.013 4s4p
3
    
3
P
o
1 4s
2
4p5p 
3
P 1 106593.36 156358.51 # 
 15 
 
2044.876(10) 48902.72 2044.882(7) -0.006 4s4p
3
    
1
D
o
2 4s
2
4p4f 
1
D 2 147825.47 196728.04 1.23E+08 
 135 
 
2057.457(10) 48603.69 2057.425(5) 0.032 4s
2
4p4d 
1
D
o
2 4s
2
4p5p 
1
D 2 112563.82 161168.26 # 
 200 
 
2062.062(10) 48495.15 2062.041(7) 0.021 4s
2
4p4d 
3
D
o
3 4s
2
4p4f 
3
F 4 142013.55 190509.19 # 
 68 
 
2071.103(10) 48283.45 2071.106(6) -0.003 4s
2
4p4d 
3
D
o
3 4s
2
4p4f 
3
F 3 142013.55 190296.94 # 
 18 
 
2075.217(10) 48187.73 2075.219(7) -0.002 4s4p
3
    
3
P
o
1 4s
2
4p5p 
3
P 0 106593.36 154781.05 # 
 75 
 
2101.212(10) 47591.58 2101.208(6) 0.004 4s
2
4p4d 
3
D
o
2 4s
2
4p4f 
3
F 3 142705.26 190296.94 # 
 0 
 
2106.306(10) 47476.48 2106.317(7) -0.011 4s4p
3
    
1
D
o
2 4s
2
4p4f 
3
D 3 147825.47 195301.7 # 
 35 
 
2115.025(10) 47280.77 2115.022(7) 0.003 4s
2
4p4d 
3
D
o
2 4s
2
4p4f 
1
F 3 142705.26 189986.09 # 
 14 
 
2116.335(10) 47251.5 2116.346(7) -0.011 4s
2
4p5p 
1
P 
1
 4s
2
4p5d 
1
P
o
1 150758.96 198010.22 # 
 10 
 
2127.519(10) 47003.11 2127.519(6) 0 4s4p
3
    
3
P
o
2 4s
2
4p5p 
3
D 2 106516.05 153519.163 # 
 5 
 
2131.13(10) 46923.5 2131.024(8) 0.11 4s4p
3
    
3
P
o
1 4s
2
4p5p 
3
D 2 106593.36 153519.163 # 
 55 
 
2139.624(10) 46737.18 2139.608(5) 0.016 4s
2
4p4d 
1
D
o
2 4s
2
4p5p 
3
S 1 112563.82 159301.36 # 
 20 
 
2141.589(10) 46694.3 2141.612(6) -0.023 4s4p
3
    
3
P
o
2 4s
2
4p5p 
3
D 1 106516.05 153209.84 # 
 125 
 
2174.792(10) 45981.41 2174.784(7) 0.008 4s4p
3
    
1
D
o
2 4s
2
4p4f 
3
G 3 147825.47 193807.05 # 
 80 
 
2202.26(1) 45407.9 2202.269(8) -0.009 4s
2
4p4d 
1
F
o
3 4s
2
4p4f 
3
G 4 148682 194089.71 # 
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70 
 
2216.09(1) 45124.52 2216.064(7) 0.026 4s
2
4p4d 
1
F
o
3 4s
2
4p4f 
3
G 3 148682 193807.05 # 
 40 
 
2232.118(10) 44800.5 2232.124(8) -0.006 4s
2
4p5p 
3
D 1 4s
2
4p5d 
1
P
o
1 153209.84 198010.22 # 
 75 
 
2255.504(10) 44335.99 2255.511(10) -0.007 4s
2
4p5p 
1
P 1 4s
2
4p5d 
3
P
o
0 150758.96 195094.82 # 
 90 
 
2260.256(10) 44242.78 2260.249(6) 0.007 4s4p
3
    
3
P
o
2 4s
2
4p5p 
1
P 1 106516.05 150758.96 # 
 8 
 
2274.33(10) 43968.9 2274.457(18) -0.12 4s
2
4p5p 
1
P 1 4s
2
4p5d 
3
P
o
2 150758.96 194725.5 # 
 120 
 
2283.43(10) 43793.7 2283.382(6) 0.05 4s
2
4p4d 
1
D
o
2 4s
2
4p5p 
3
P 1 112563.82 156358.51 # 
 10 
 
2308.419(10) 43319.69 2308.414(10) 0.005 4s
2
4p5p 
3
D 2 4s
2
4p5d 
1
F
o
3 153519.163 196838.94 # 
 72 P _ _ 2313.253(11) _ 4s
2
4p5p 
3
P 0 4s
2
4p5d 
1
P
o
1 154781.05 198010.22 
  68 
 
2350.509(10) 42543.98 2350.514(9) -0.005 4s
2
4p5p 
1
P 1 4s
2
4p5d 
1
D
o
2 150758.96 193302.84 # 
 190 
 
2371.81(10) 42161.9 2371.882(11) -0.07 4s4p
3
    
1
D
o
2 4s
2
4p4f 
1
F 3 147825.47 189986.09 # 
 1 
 
2387.59(10) 41883.3 2387.491(13) 0.1 4s
2
4p5p 
3
D 1 4s
2
4p5d 
3
P
o
0 153209.84 195094.82 # 
 120 
 
2390.778(10) 41827.39 2390.789(8) -0.011 4s
2
4p4d 
1
F
o
3 4s
2
4p4f 
3
F 4 148682 190509.19 # 
 100 P _ _ 2395.85(3) _ 4s
2
4p5p 
3
D 1 4s
2
4p5d 
3
P
o
1 153209.84 194948.6 
  30 
 
2400.12(10) 41651.9 2400.862(10) -0.01 4s
2
4p5p 
3
P 1 4s
2
4p5d 
1
P
o
1 156358.51 198010.22 # 
 2 
 
2408.08(10) 41514.2 2408.730(21) 0.08 4s
2
4p5p 
3
D 1 4s
2
4p5d 
3
P
o
2 153209.84 194725.5 # 
 200 P _ _ 2413.74(3) _ 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
P
o
1 153519.163 194948.6 
  30 P _ _ 2415.396(10) _ 4s
2
4p5p 
1
P 1 4s
2
4p6s 
1
P
o
1 150758.96 192160.04 
  30 
 
2426.01(5) 41207.4 2426.811(2) -0.06 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
P
o
2 153519.163 194725.5 # 
 50 
 
2440.93(5) 40955.6 4  2441.684(8) -0.01 4s
2
4p4d 
1
D
o
2 4s
2
4p5p 
3
D 2 112563.82 153519.163 # 
 15 
 
2452.50(5) 40762.4 2453.209(16) 0.03 4s
2
4p5p 
1
P 1 4s
2
4p6s 
3
P
o
2 150758.96 191521.9 # 
 500 
 
2459.52(5) 40646 2460.265(9) 0 4s
2
4p4d 
1
D
o
2 4s
2
4p5p 
3
D 1 112563.82 153209.84 # 
 30 P _ _ 2475.59(3) _ 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
D
o
3 153519.163 193913.6 
  100 
 
2488.87(10) 40166.8 2489.57(3) 0.05 4s
2
4p5p 
3
P 0 4s
2
4p5d 
3
P
o
1 154781.05 194948.6 # 
 3 
 
2489.75(20) 40153 2490.815(16) -0.31 4s
2
4p5p 
3
D 3 4s
2
4p5d 
1
F
o
3 156691.445 196838.94 # 
 80 
 
2490.84(5) 40135 2491.410(12) 0.18 4s
2
4p5p 
3
P 2 4s
2
4p5d 
1
P
o
1 157872.31 198010.22 # 
 50 
 
2493.43(5) 40093.3 2494.201(12) -0.02 4s
2
4p5p 
3
D 1 4s
2
4p5d 
1
D
o
2 153209.84 193302.84 # 
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6 
 
2494.23(10) 40080.4 2494.958(16) 0.02 4s
2
4p5p 
1
P 1 4s
2
4p5d 
3
D
o
1 150758.96 190839.8 # 
 200 
 
2512.82(10) 39783.9 2513.594(12) -0.02 4s
2
4p5p 
3
D 2 4s
2
4p5d 
1
D
o
2 153519.163 193302.84 3.92E+08 
 50 
 
2546.39(5) 39259.5 2547.133(16) 0.02 4s
2
4p5p 
1
P 1 4s
2
4p5d 
3
D
o
2 150758.96 190018.79 3.70E+08 
 6 
 
2565.24(15) 38971 2566.298(16) -0.29 4s
2
4p5p 
3
P 2 4s
2
4p5d 
1
F
o
3 157872.31 196838.94 3.45E+07
 cf
 
 5 
 
2566.60(15) 38950.4 2567.381(12) -0.01 4s
2
4p5p 
3
D 1 4s
2
4p6s 
1
P
o
1 153209.84 192160.04 1.84E+08
 cf
 
 0 
 
2571.31(10) 38879 2572.15(5) -0.07 4s
2
4p4d 
1
P
o
1 4s
2
4p4f 
1
D 2 157850 196728.04 4.94E+08 
 4 
 
2580.94(10) 38734 2581.557(15) 0.16 4s
2
4p5p 
3
P 1 4s
2
4p5d 
3
P
o
0 156358.51 195094.82 1.42E+08 
 30 
 
2582.73(5) 38707.1 2583.388(12) 0.12 4s
2
4p5p 
3
S 1 4s
2
4p5d 
1
P
o
1 159300.3 198010.22 6.91E+07 
 1 
 
2587.157(10) 38640.91 9  2587.933(9) -0.002 4s
2
4p5p 
3
D 2 4s
2
4p6s 
1
P
o
1 153519.163 192160.04 3.55E+07
 cf
 
 10 
 
2609.35(10) 38312.3 2610.144(19) -0.02 4s
2
4p5p 
3
D 1 4s
2
4p6s 
3
P
o
2 153209.84 191521.9 1.80E+08 
 600 
 
2617.32(5) 38195.6 3  2618.134(9) -0.03 4s
2
4p4d 
1
D
o
2 4s
2
4p5p 
1
P 1 112563.82 150758.96 1.77E+08 
 4 
 
2628.41(10) 38034.5 2629.22(3) -0.03 4s
2
4p5p 
3
D 3 4s
2
4p5d 
3
P
o
2 156691.445 194725.5 4.14E+08 
 500 P _ _ 2631.389(19) _ 4s
2
4p5p 
3
D 2 4s
2
4p6s 
3
P
o
2 153519.163 191521.9 
  500 
 
2654.02(5) 37667.5 2654.800(17) 0.01 4s
2
4p5p 
1
P 1 4s
2
4p5d 
3
F
o
2 150758.96 188426.58 3.43E+09 
 6 
 
2656.66(5) 37630.1 2657.457(19) -0.01 4s
2
4p5p 
3
D 1 4s
2
4p5d 
3
D
o
1 153209.84 190839.8 7.26E+07
 cf
 
 1 
 
2674.51(10) 37378.9 2675.300(14) 0.01 4s
2
4p5p 
3
P 0 4s
2
4p6s 
1
P
o
1 154781.05 192160.04 9.16E+07
 cf
 
 10 
 
2678.68(5) 37320.7 2679.483(19) 0 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
D
o
1 153519.163 190839.8 1.58E+08 
 75 
 
2685.74(5) 37222.6 2686.57(3) -0.03 4s
2
4p5p 
3
D 3 4s
2
4p5d 
3
D
o
3 156691.445 193913.6 2.12E+09 
 2 
 
2693.27(5) 37118.6 2694.092(11) -0.02 4s
2
4p4d 
3
F
o
2 4s
2
4p5p 
1
D 2 124050 161168.26 3.61E+06 
 30 
 
2696.32(5) 37076.6 2697.14(3) -0.02 4s
2
4p5p 
3
P 2 4s
2
4p5d 
3
P
o
1 157872.31 194948.6 6.60E+08 
 200 
 
2705.96(5) 36944.5 2706.775(14) -0.01 4s
2
4p5p 
3
P 1 4s
2
4p5d 
1
D
o
2 156358.51 193302.84 2.90E+09 
 100 
 
2712.69(5) 36852.9 2713.47(3) 0.02 4s
2
4p5p 
3
P 2 4s
2
4p5d 
3
P
o
2 157872.31 194725.5 1.98E+09 
 3 
 
2713.47(10) 36842.3 2714.296(14) -0.03 4s
2
4p5p 
1
D 2 4s
2
4p5d 
1
P
o
1 161168.26 198010.22 1.57E+08 
 200 
 
2715.92(5) 36809 2716.731(18) 0 4s
2
4p5p 
3
D 1 4s
2
4p5d 
3
D
o
2 153209.84 190018.79 3.27E+09 
 100 
 
2726.56(5) 36665.4 2727.357(16) 0.01 4s
2
4p5p 
1
P 1 4s
2
4p6s 
3
P
o
1 150758.96 187424.5 6.82E+08 
 0 P _ _ 2731.390(16) _ 4s
2
4p5p 
3
D 3 4s
2
4p5d 
1
D
o
2 156691.445 193302.84 
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10 
 
2738.95(5) 36499.5 2739.754(18) 0.01 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
D
o
2 153519.163 190018.79 2.57E+08
 cf
 
 10 
 
2745.88(5) 36407.4 2746.65(4) 0.04 4s
2
4p5p 
1
P 1 4s
2
4p6s 
3
P
o
0 150758.96 187166.9 2.57E+08
 cf
 
 400 
 
2767.20(5) 36126.9 2767.99(3) 0.03 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
F
o
3 153519.163 189646.4 6.59E+09 
 50 
 
2772.46(5) 36058.4 2773.252(21) 0.03 4s
2
4p5p 
3
P 0 4s
2
4p5d 
3
D
o
1 154781.05 190839.8 1.49E+09 
 150 
 
2773.81(5) 36040.9 2774.60(4) 0.03 4s
2
4p5p 
3
P 2 4s
2
4p5d 
3
D
o
3 157872.31 193913.6 4.36E+09 
 5 
 
2787.75(5) 35860.6 2788.649(14) -0.08 4s
2
4p4d 
3
F
o
3 4s
2
4p5p 
1
D 2 125308.6 161168.26 7.02E+06 
 50 
 
2792.36(5) 35801.4 2793.177(13) 0.01 4s
2
4p5p 
3
P 1 4s
2
4p6s 
1
P
o
1 156358.51 192160.04 1.04E+09 
 40 
 
2793.15(20) 35791 2793.806(18) 0.17 4s
2
4p5p 
3
S 1 4s
2
4p5d 
3
P
o
0 159300.3 195094.82 7.88E+08 
 75 
 
2802.25(15) 35675.1 2803.423(18) -0.35 4s
2
4p5p 
1
D 2 4s
2
4p5d 
1
F
o
3 161168.26 196838.94 # 
 40 
 
2804.38(5) 35648 2805.27(3) -0.06 4s
2
4p5p 
3
S 1 4s
2
4p5d 
3
P
o
1 159300.3 194948.6 1.86E+09 
 25 
 
2821.60(5) 35430.5 2822.425(16) 0.01 4s
2
4p5p 
3
P 2 4s
2
4p5d 
1
D
o
2 157872.31 193302.84 4.15E+08 
 100 
 
2822.08(15) 35424.4 2822.93(3) -0.02 4s
2
4p5p 
3
S 1 4s
2
4p5d 
3
P
o
2 159300.3 194725.5 1.95E+09 
 5 
 
2838.71(5) 35216.9 2839.559(20) -0.01 4s
2
4p5p 
3
D 1 4s
2
4p5d 
3
F
o
2 153209.84 188426.58 9.25E+08 
 100 
 
2842.96(5) 35164.3 2843.867(21) -0.07 4s
2
4p5p 
3
P 1 4s
2
4p6s 
3
P
o
2 156358.51 191521.9 1.51E+08
 cf
 
 100 
 
2863.86(5) 34907.7 2864.721(20) -0.02 4s
2
4p5p 
3
D 2 4s
2
4p5d 
3
F
o
2 153519.163 188426.58 5.69E+08 
 20 Q 2864.44(5) 34900.6 2865.28(5) 0 4s
2
4p5p 
3
D 3 4s
2
4p5d 
3
F
o
4 156691.445 191592 # 
 150 
 
2870.20(5) 34830.6 2871.051(23) -0.01 4s
2
4p5p 
3
D 
3
 4s
2
4p6s 
3
P
o
2 156691.445 191521.9 1.69E+09 
 4 
 
2899.29(5) 34481.1 2900.124(22) 0.02 4s
2
4p5p 
3
P 1 4s
2
4p5d 
3
D
o
1 156358.51 190839.8 1.15E+08
 cf
 
 10 
 
2907.06(5) 34388.9 2907.938(14) -0.03 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
1
D 2 126779.63 161168.26 4.05E+07
 cf
 
 10 
 
2915.54(5) 34288.9 2916.495(16) -0.1 4s
2
4p5p 
3
P 2 4s
2
4p6s 
1
P
o
1 157872.31 192160.04 8.33E+05
 cf
 
 1 
 
2921.8(1) 34215.5 2922.724(19) -0.07 4s
2
4p5p 
3
D 1 4s
2
4p6s 
3
P
o
1 153209.84 187424.5 4.77E+07
 cf
 
 2 
 
2940.29(15) 34000.3 2941.048(17) 0.1 4s
2
4p5p 
3
S 1 4s
2
4p5d 
1
D
o
2 159300.3 193302.84 7.82E+07
 cf
 
 9 
 
2944.02(10) 33957.2 2944.90(5) -0.01 4s
2
4p5p 
3
D 1 4s
2
4p6s 
3
P
o
0 153209.84 187166.9 6.39E+08 
 75 
 
2948.46(5) 33906.1 2949.388(19) -0.07 4s
2
4p5p 
3
D 2 4s
2
4p6s 
3
P
o
1 153519.163 187424.5 1.24E+09 
 3 
 
2955.72(15) 33822.8 2956.628(16) -0.04 4s
2
4p4d 
3
F
o
2 4s
2
4p5p 
3
P 2 124050 157872.31 5.25E+06 
 50 
 
2970.00(5) 33660.2 2970.861(21) 0.01 4s
2
4p5p 
3
P 1 4s
2
4p5d 
3
D
o
2 156358.51 190018.79 4.06E+08
 cf
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550 
 
2970.97(5) 33649.2 2971.804(24) 0.03 4s
2
4p5p 
3
P 2 4s
2
4p6s 
3
P
o
2 157872.31 191521.9 1.47E+09 
 100 
 
2979.04(5) 33558.1 2979.98(3) -0.07 4s
2
4p5p 
1
D 2 4s
2
4p5d 
3
P
o
2 161168.26 194725.5 1.92E+08 
 50 
 
2999.63(5) 33327.7 3000.539(23) -0.03 4s
2
4p5p 
3
D 3 4s
2
4p5d 
3
D
o
2 156691.445 190018.79 1.09E+08 
 4 
 
3027.05(5) 33025.8 3028.00(03) -0.06 4s
2
4p5s 
3
P
o
0 4s
2
4p5p 
3
S 1 126275.15 159301.36 4.17E+06
 cf
 
 50 
 
3033.50(5) 32955.6 3034.45(4) -0.06 4s
2
4p5p 
3
D 
3
 4s
2
4p5d 
3
F
o
3 156691.445 189646.4 9.37E+07
 cf
 
 5 
 
3042.44(5) 32858.8 3043.336(16) -0.01 4s
2
4p5p 
3
S 1 4s
2
4p6s 
1
P
o
1 159300.3 192160.04 5.48E+07 
 50 
 
3062.48(10) 32643.8 3063.402(22) -0.03 4s
2
4p5p 
3
P 0 4s
2
4p6s 
3
P
o
1 154781.05 187424.5 1.12E+06 
 400 
 
3069.89(5) 32565 3070.903(18) -0.12 4s
2
4p4d 
3
F
o
3 4s
2
4p5p 
3
P 2 125308.6 157872.31 3.56E+07 
 400 
 
3073.99(5) 32521.6 3074.867(15) 0.02 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
3
S 1 126779.63 159301.36 2.43E+07
 cf
 
 75 
 
3094.23(5) 32308.8 3095.160(14) -0.03 4s
2
4p4d 
3
F
o
2 4s
2
4p5p 
3
P 1 124050 156358.51 3.11E+07 
 140 
 
3102.71(5) 32220.5 3103.61(3) 0 4s
2
4p5p 
3
S 1 4s
2
4p6s 
3
P
o
2 159300.3 191521.9 4.98E+08 
 5 
 
3109.9(1) 32146 3110.760(25) 0.04 4s
2
4p5p 
3
P 2 4s
2
4p5d 
3
D
o
2 157872.31 190018.79 1.74E+08
 cf
 
 100 
 
3110.98(5) 32134.9 3111.912(18) -0.03 4s
2
4p5p 
1
D 2 4s
2
4p5d 
1
D
o
2 161168.26 193302.84 5.49E+08 
 0 
 
3150.19(5) 31734.9 3151.08(3) 0.02 4s
2
4p5p 
3
D 3 4s
2
4p5d 
3
F
o
2 156691.445 188426.58 3.59E+06
 cf
 
 150 
 
3185.47(5) 31383.5 3186.454(20) -0.06 4s
2
4p4d 
3
F
o
3 4s
2
4p5p 
3
D 3 125308.6 156691.445 4.12E+07 
 500 
 
3215.24(5) 31092.9 3216.191(18) -0.02 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
3
P 2 126779.63 157872.31 4.03E+07
 cf
 
 10 
 
3218.0(1) 31066.2 3218.954(22) -0.02 4s
2
4p5p 
3
P 1 4s
2
4p6s 
3
P
o
1 156358.51 187424.5 1.60E+08 
 200 
 
3225.77(5) 30991.4 3226.662(18) 0.04 4s
2
4p5p 
1
D 2 4s
2
4p6s 
1
P
o
1 161168.26 192160.04 1.01E+09 
 200 
 
3248.01(5) 30779.2 3248.972(16) -0.02 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
1
D 2 130389.29 161168.26 1.71E+07 
 60 
 
3293.6(1) 30353.2 3294.50(3) 0.05 4s
2
4p5p 
1
D 2 4s
2
4p6s 
3
P
o
2 161168.26 191521.9 1.23E+08 
 150 
 
3323.16(5) 30083.2 3324.097(23) 0.02 4s
2
4p5s 
3
P
o
0 4s
2
4p5p 
3
P 1 126275.15 156358.51 3.46E+07 
 40 
 
3369.28(5) 29671.4 3370.23(3) 0.02 4s
2
4p5p 
1
D 2 4s
2
4p5d 
3
D
o
1 161168.26 190839.8 1.55E+08 
 999 
 
3379.82(5) 29578.9 3380.791(18) 0 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
3
P 1 126779.63 156358.51 8.62E+07 
 15 
 
3382.84(5) 29552.5 3383.84(3) -0.03 4s
2
4p5p 
3
P 2 4s
2
4p6s 
3
P
o
1 157872.31 187424.5 9.51E+07 
 999 
 
3387.24(5) 29514.1 3388.208(15) 0 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
1
D 2 131654.13 161168.26 4.46E+08 
 300 
 
3392.39(5) 29469.3 3393.378(18) -0.02 4s
2
4p4d 
3
F
o
2 4s
2
4p5p 
3
D 2 124050 153519.163 3.11E+07 
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999 
 
3413.92(5) 29283.4 3414.99(3) -0.09 4s
2
4p4d 
3
F
o
4 4s
2
4p5p 
3
D 3 127408.8 156691.445 4.80E+08 
 999 
 
3428.40(5) 29159.8 3429.374(19) 0 4s
2
4p4d 
3
F
o
2 4s
2
4p5p 
3
D 1 124050 153209.84 1.09E+08 
 999 
 
3457.79(5) 28911.9 3458.763(18) 0.02 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
3
S 1 130389.29 159301.36 2.68E+08 
 10 
 
3465.16(5) 28850.4 3466.14(3) 0.01 4s
2
4p5p 
1
D 2 4s
2
4p5d 
3
D
o
2 161168.26 190018.79 1.38E+08 
 30 P _ _ 3511.47(5) _ 4s
2
4p5p 
1
D 2 4s
2
4p5d 
3
F
o
3 161168.26 189646.4 
  500 
 
3543.4(5) 28213 3544.772(23) -0.3 4s
2
4p4d 
3
F
o
3 4s
2
4p5p 
3
D 2 125308.6 153519.163 2.66E+08 
 0 
 
3554.67(5) 28124 3555.66(4) 0.03 4s
2
4p5p 
3
S 1 4s
2
4p6s 
3
P
o
1 159300.3 187424.5 1.39E+07
 cf
 
 800 
 
3570.19(5) 28001.7 3571.247(23) -0.04 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
3
P 0 126779.63 154781.05 9.00E+07 
 500 
 
3615.99(5) 27647.1 3616.999(17) 0.02 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
3
S 1 131654.13 159301.36 1.98E+07 
 750 
 
3637.53(5) 27483.3 3638.610(22) -0.04 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
3
P 2 130389.29 157872.31 4.72E+08 
 2 
 
3667.58(5) 27258.2 3668.60(3) 0.02 4s
2
4p5p 
1
D 2 4s
2
4p5d 
3
F
o
2 161168.26 188426.58 4.48E+07 
 999 
 
3711.68(5) 26934.3 3712.68(3) 0.05 4s
2
4p5s 
3
P
o
0 4s
2
4p5p 
3
D 1 126275.15 153209.84 1.96E+08 
 200 
 
3738.73(5) 26739.4 3739.781(22) 0.01 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
3
D 2 126779.63 153519.163 3.94E+08 
 100 
 
3742.95(5) 26709.3 3744.062(21) -0.05 4s
2
4p4d 
3
F
o
2 4s
2
4p5p 
1
P 1 124050 150758.96 6.27E+07 
 4 
 
3782.49(5) 26430.1 3783.549(23) 0.02 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
3
D 1 126779.63 153209.84 9.64E+06
 cf
 
 999 
 
3800.94(5) 26301.8 3801.97(3) 0.05 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
3
D 3 130389.29 156691.445 5.83E+08 
 3 
 
3807.49(5) 26256.6 3808.62(3) -0.05 4s
2
4p5p 
1
D 2 4s
2
4p6s 
3
P
o
1 161168.26 187424.5 6.60E+07 
 2 
 
3813.03(10) 26218.4 3814.147(22) -0.04 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
3
P 2 131654.13 157872.31 1.32E+06
 cf
 
 75 
 
3849.60(5) 25969.4 3850.712(21) -0.02 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
3
P 1 130389.29 156358.51 4.19E+07 
 999 
 
4046.72(5) 24704.4 4047.865(20) 0 4s
2
4p5s 1P
o
1 4s
2
4p5p 
3
P 1 131654.13 156358.51 1.05E+08 
 500 
 
4083.16(5) 24483.9 4084.33(3) -0.02 4s
2
4p5s 
3
P
o
0 4s
2
4p5p 
1
P 1 126275.15 150758.96 3.02E+07 
 200 
 
4127.00(5) 24223.8 4128.18(3) -0.01 4s4p
3
    
1
P
o
1 4s
2
4p5p 
1
D 2 136944.5 161168.26 1.22E+08 
 999 
 
4169.06(5) 23979.5 4170.26(3) -0.02 4s
2
4p5s 
3
P
o
1 4s
2
4p5p 
1
P 1 126779.63 150758.96 1.21E+08 
 100 
 
4322.21(5) 23129.8 4323.41(3) 0.01 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
3
D 2 130389.29 153519.163 8.71E+06
 cf
 
 75 
 
4322.75(5) 23126.9 4323.97(3) 0 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
3
P 0 131654.13 154781.05 1.02E+07 
 5 
 
4551.05(10) 21966.8 4552.34(3) -0.01 4s4p
3
    
3
S
o
1 4s
2
4p5p 
1
D 2 139201.53 161168.26 4.75E+07 
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I
a
 Char.
b
 λobs
c 
Å   σobs cm
-1
       λRitz
d 
Å ΔλO-Ritz
e
  Å Classification Elow  cm
-1
        Eupp cm
-1
 gA
f
  S
-1
 
 
50 
 
4572.26(5) 21864.9 4573.51(3) 0.03 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
3
D 2 131654.13 153519.163 1.62E+07 
 80 
 
4637.87(5) 21555.59 4639.14(3) 0.03 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
3
D 1 131654.13 153209.84 2.82E+07 
 20 
 
4869.35(5) 20530.89 4870.74(3) -0.03 4s
2
4p4d 
3
D
o
1 4s
2
4p5p 
1
D 2 140637.5 161168.26 2.50E+05
 cf
 
 2 
 
4907.90(5) 20369.63 4909.26(3) 0.01 4s
2
4p5s 
3
P
o
2 4s
2
4p5p 
1
P 1 130389.29 150758.96 2.58E+05
 cf
 
 10 
 
4974.04(15) 20098.8 4975.17(4) 0.26 4s4p
3
    
3
S
o
1 4s
2
4p5p 
3
S 1 139201.53 159301.36 2.72E+06 
 50 
 
5025.63(5) 19892.46 5027.04(3) -0.01 4s
2
4p4d 
3
P
o
2 4s
2
4p5p 
3
S 1 139408.95 159301.36 4.96E+06
 cf
 
 20 
 
5150.02(20) 19412 5150.92(5) 0.54 4s4p
3
    1P
o
1 4s
2
4p5p 
3
P 1 136944.5 156358.51 9.22E+06 
 100 
 
5232.78(5) 19104.98 5234.28(3) -0.04 4s
2
4p5s 
1
P
o
1 4s
2
4p5p 
1
P 1 131654.13 150758.96 6.90E+06 
 6 
 
5354.65(10) 18670.2 5355.96(5) 0.18 4s4p
3
    
3
S
o
1 4s
2
4p5p 
3
P 2 139201.53 157872.31 1.24E+06 
 5 
 
5414.56(10) 18463.6 5416.24(4) -0.17 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
1
D 2 142705.26 161168.26 3.35E+05
 cf
 
 4 
 
5429.79(15) 18411.8 5431.39(5) -0.09 4s
2
4p4d 
3
P
o
1 4s
2
4p5p 
1
D 2 142756.77 161168.26 2.08E+05
 cf
 
 2 
 
5716.36(15) 17488.8 5717.93(5) 0.02 4s4p
3
    
3
S
o
1 4s
2
4p5p 
3
D 3 139201.53 156691.445 # 
 20 
 
5784.73(10) 17282.1 5786.20(5) 0.13 4s
2
4p4d 
3
P
o
2 4s
2
4p5p 
3
D 3 139408.95 156691.445 3.90E+05
 cf
 
 40 
 
5800.34(15) 17235.6 5802.21(6) -0.26 4s
2
4p4d 
3
D
o
1 4s
2
4p5p 
3
P 2 140637.5 157872.31 # 
 5 
 
5826.97(10) 17156.8 5828.53(5) 0.05 4s4p
3
    
3
S
o
1 4s
2
4p5p 
3
P 1 139201.53 156358.51 2.68E+06 
 3 
 
5885.21(5) 16987.04 5886.84(5) 0 4s
2
4p4d 
3
P
o
0 4s
2
4p5p 
3
S 1 142314.31 159301.36 6.71E+06 
 50 
 
5898.09(5) 16949.94 5899.86(4) -0.13 4s
2
4p4d 
3
P
o
2 4s
2
4p5p 
3
P 1 139408.95 156358.51 1.43E+07 
 10 
 
6023.61(10) 16596.7 6025.51(5) -0.23 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
3
S 1 142705.26 159301.36 1.31E+07 
 10 
 
6031.8(1) 16574.2 6033.49(10) -0.02 4s4P
3
    
1
P
o
1 4s
2
4p5p 
3
D 2 136944.5 153519.163 # 
 5 
 
6042.56(5) 16544.69 6044.27(4) -0.04 4s
2
4p4d 
3
P
o
1 4s
2
4p5p 
3
S 1 142756.77 159301.36 1.42E+07 
 5 
 
6303.4(5) 15860.1 6305.66(7) -0.5 4s
2
4p4d 
3
D
o
3 4s
2
4p5p 
3
P 2 142013.55 157872.31 2.60E+07 
 20 
 
6359.24(10) 15720.8 6360.91(6) 0.08 4s
2
4p4d 
3
D
o
1 4s
2
4p5p 
3
P 1 140637.5 156358.51 5.43E+06 
 8 
 
6416.99(10) 15579.32 6418.68(7) 0.08 4s4p
3
    
3
S
o
1 4s
2
4p5p 
3
P 0 139201.53 154781.05 1.06E+06 
 50 
 
6591.6(5) 15166.7 6593.24(7) 0.2 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
3
P 2 142705.26 157872.31 1.12E+07 
 20 P _ 15114.6 6615.71(8) 0.4 4s
2
4p4d 
3
P
o
1 4s
2
4p5p 
3
P 2 142756.77 157872.31 
  15 
 
6810.5(2) 14679.2 6812.97(8) -0.59 4s
2
4p4d 
3
D
o
3 4s
2
4p5p 
3
D 3 142013.55 156691.445 8.27E+06 
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I
a
 Char.
b
 λobs
c 
Å   σobs cm
-1
       λRitz
d 
Å ΔλO-Ritz
e
  Å Classification Elow  cm
-1
        Eupp cm
-1
 gA
f
  S
-1
 
 
5 
 
7068.5(2) 14143.4 7070.36(9) 0.09 4s
2
4p4d 
3
D
o
1 4s
2
4p5p 
3
P 0 140637.5 154781.05 5.21E+06 
 8 P _ 14109.4 7087.07(7) 0.4 4s
2
4p4d 
3
P
o
2 4s
2
4p5p 
3
D 2 139408.95 153519.163 
  10 
 
7117.9(5) 14045.2 7120.38(9) -0.5 4s
2
4p4d 
3
P
o
0 4s
2
4p5p 
3
P 1 142314.31 156358.51 3.11E+05
 cf
 
 6 
 
7148.0(2) 13986.1 7149.91(8) 0.06 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
3
D 3 142705.26 156691.445 1.77E+06 
 25 P _ 13799.8 7245.91(8) 0.6 4s
2
4p4d 
3
P
o
2 4s
2
4p5p 
3
D 1 139408.95 153209.84 
  1 
 
7322.3(2) 13653.1 7324.26(7) 0.05 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
3
P 1 142705.26 156358.51 7.65E+05
 cf
 
 0 
 
7350.6(5) 13600.6 7352.00(8) 0.6 4s
2
4p4d 
3
P
o
1 4s
2
4p5p 
3
P 1 142756.77 156358.51 7.43E+05
 cf
 
 8 P _ 13343.2 7494.68(10) -0.2 4s4p
3
    
1
D
o
2 4s
2
4p5p 
1
D 2 147825.47 161168.26 
  10 P _ 12881.2 7762.97(10) 0.3 4s
2
4p4d 
3
D
o
1 4s
2
4p5p 
3
D 2 140637.5 153519.163 
  10 P _ 12571.7 7953.97(11) 0.4 4s
2
4p4d 
3
D
o
1 4s
2
4p5p 
3
D 1 140637.5 153209.84 
  100 P _ 12492 8008.8(1) -3.5 4s
2
4p4d 
1
F
o
3 4s
2
4p5p 
1
D 2 148682 161168.26 
  8 P _ 11510 8691.41(12) -3.2 4s
2
4p4d 
3
D
o
3 4s
2
4p5p 
3
D 2 142013.55 153519.163 
  10 P _ 10895.6 9178.08(17) -0.1 4s
2
4p4d 
3
P
o
0 4s
2
4p5p 
3
D 1 142314.31 153209.84 
  10 P _ 10811.5 9247.36(12) 2.1 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
3
D 2 142705.26 153519.163 
  10 P _ 10762.7 9291.61(14) -0.3 4s
2
4p4d 
3
P
o
1 4s
2
4p5p 
3
D 2 142756.77 153519.163 
  10 P _ 10505.3 9519.66(14) -0.7 4s
2
4p4d 
3
D
o
2 4s
2
4p5p 
3
D 1 142705.26 153209.84 
  10 P _ 10453.2 9566.57(16) -0.1 4s
2
4p4d 
3
P
o
1 4s
2
4p5p 
3
D 1 142756.77 153209.84 
  a Observed relative intensities  is the visual estimate of the plate blackening for wavelength less than 2400 Å and above that the intensity are taken from.  
b
 Character of observed line: B—blended by a close line; s—asymmetric line extending towards shorter wavelengths; P- the wavelength was not measured (the value in λobs is a 
rounded Ritz wavelength); Q-questionable assignment; P- the transition wavelengths are set to be predicted through optimized energy levels. not used in level optimization, H- 
Hazy 
c
 Observed and Ritz wavelengths are given in standard air for wavenumbers σ between 5000 cm−1 and 41 666 cm−1 and in vacuum outside of this range. The uncertainty (standard 
deviation) in the last digit is given in parentheses. 
d
 Ritz wavelengths and their uncertainties were determined in the least-squares level optimization procedure LOPT [1]. 
e
 Difference between observed and Ritz wavelength. If this column is blank, and λobs is not blank, this line alone determines one of the levels involved in the assigned transition.  
f
 In the weighted (g=2Ju+1, statistical weight of upper level) transition probability values, the number after the ‘+’ or ‘−’ symbol means the power of 10. CF: the given TP values are 
too unreliable when cancellation factor |CF|<0.10 in Cowan code [33]. #—The transition probability are less than 105. 
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Table 4-3: Optimized energy levels of Se III 
Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p2 3P 0 0 
 
0 96 4p2 3P 2 4p2 1S 
   
3.5 16 
4p2 3P 1 1742.3 
 
0.4 98 4p2 3P 
      
-8 49 
4p2 3P 2 3935.9 
 
0.4 94 4p2 3P 4 4p2 1D 
   
5.1 49 
4p2 1D 2 13031.5 
 
0.4 94 4p2 1D 4 4p2 3P 
   
-0.1 47 
4p2 1S 0 28128.7 R 0.4 95 4p2 1S 2 4p4 1S 
   
-0.1 17 
4s.4p3.(4SO) 5SO 2 68502.7 R 0.5 100 4s.4p3 5SO 
      
-74.4 2 
4s.4p3.(2DO) 3DO 1 92611 R 0.4 85 4s.4p3 3DO 13 4p.4d 3DO 
   
-73 9 
4s.4p3.(2DO) 3DO 2 92726.7 
 
0.4 85 4s.4p3 3DO 12 4p.4d 3DO 
   
6.9 11 
4s.4p3.(2DO) 3DO 3 93289.2 R 0.4 87 4s.4p3 3DO 12 4p.4d 3DO 
   
180.9 9 
4s.4p3.(2PO) 3PO 0 106482.32 
 
0.4 87 4s.4p3 3PO 12 4p.4d 3PO 
   
-57.9 3 
4s.4p3.(2PO) 3PO 2 106516.2 
 
0.4 81 4s.4p3 3PO 13 4p.4d 3PO 
   
132.3 14 
4s.4p3.(2PO) 3PO 1 106593.25 
 
0.4 86 4s.4p3 3PO 13 4p.4d 3PO 
   
33.5 12 
4p.4d 1DO 2 112563.42 D 0.4 58 4p.4d 1DO 38 4s.4p3 1DO 
   
-317.6 14 
4p.4d 3FO 2 124050.3 
 
0.4 99 4p.4d 3FO 
      
35.9 14 
4p.4d 3FO 3 125308.5 
 
0.4 99 4p.4d 3FO 
      
74.6 13 
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Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p.5s 3PO 0 126275.34 
 
0.4 100 4p.5s 3PO 
      
107.3 5 
4p.5s 3PO 1 126779.68 
 
0.4 79 4p.5s 3PO 18 4p.5s 1PO 
   
-127.1 13 
4p.4d 3FO 4 127.408.6 
 
0.4 100 4p.4d 3FO 
      
149.2 4 
4p.5s 3PO 2 130389.37 
 
0.4 99 4p.5s 3PO 
      
14.7 10 
4p.5s 1PO 1 131654.26 
 
0.4 46 4p.5s 1PO 19 4p.5s 3PO 18 4p.4d 1PO -125.8 15 
4s.4p3.(4SO) 3SO 1 136944.85 D 0.4 50 4s.4p3 3SO 22 4p.5s 1PO 20 4s.4p3 1PO 168.3 11 
4s.4p3.(2PO) 1PO 1 139201.7 D 0.4 45 4s.4p3 3SO 20 4s.4p3 1PO 16 4p.4d 1PO 23.8 13 
4p.4d 3PO 2 139408.67 D 0.4 52 4p.4d 3PO 33 4p.4d 3DO 7 4s.4p3 3PO -93.8 13 
4p.4d 3DO 1 140637.64 
 
0.4 61 4p.4d 3DO 21 4p.4d 3PO 8 4s.4p3 3DO 157.4 13 
4p.4d 3DO 3 142013.2 
 
0.4 86 4p.4d 3DO 12 4s.4p3 3DO 
   
-7.2 11 
4p.4d 3PO 0 1423142.6 
 
0.4 87 4p.4d 3PO 12 4s.4p3 3PO 
   
-145.8 4 
4p.4d 3DO 2 142705.13 D 0.4 54 4p.4d 3DO 32 4p.4d 3PO 8 4s.4p3 3DO -22.3 16 
4p.4d 3PO 1 142756.72 
 
0.4 62 4p.4d 3PO 24 4p.4d 3DO 9 4s.4p3 3PO -30.5 12 
4s.4p3.(2DO) 1DO 2 147.825.36 D 0.4 56 4s.4p3 1DO 40 4p.4d 1DO 
   
7.3 8 
4p.4d 1FO 3 148.681.8 
 
0.4 96 4p.4d 1FO 2 4p.5d 1FO 
   
136 6 
4p.5p 1P 1 150.7591.2 
 
0.4 54 4p.5p 1P 42 4p.5p 3D 
   
-156.5 18 
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Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p.5p 3D 1 153.2091.84 
 
0.4 45 4p.5p 3D 25 4p.5p 1P 22 4p.5p 3P 26 23 
4p.5p 3D 2 153510 
 
0.4 85 4p.5p 3D 9 4p.5p 3P 5 4p.5p 1D -36.2 25 
4p.5p 3P 0 154.781.14 
 
0.4 94 4p.5p 3P 4 4p.5p 1S 
   
181.9 10 
4p.5p 3P 1 156.358.51 
 
0.4 63 4p.5p 3P 18 4p.5p 1P 12 4p.5p 3D 59.1 26 
4p.5p 3D 3 156.691.3 
 
0.4 99 4p.5p 3D 
      
-74.2 17 
4p.4d 1PO 1 157849.8 
 
1.1 54 4p.4d 1PO 38 4s.4p3 1PO 
   
-156.8 4 
4p.5p 3P 2 157870 
 
0.4 83 4p.5p 3P 12 4p.5p 3D 
   
83.3 25 
4p.5p 3S 1 1593013.2 
 
0.4 84 4p.5p 3S 13 4p.5p 3P 
   
163.3 23 
4p.5p 1D 2 1611684.5 
 
0.4 90 4p.5p 1D 6 4p.5p 3P 
   
-246.4 24 
4p.5p 1S 0 166010.2 - 
 
94 4p.5p 1S 4 4p.5p 3P 
   
0 
 4p.6s 3PO 0 187166.8 
 
0.7 100 4p.6s 3PO 
      
1.4 3 
4p.6s 3PO 1 187424.94 
 
0.4 75 4p.6s 3PO 25 4p.6s 1PO 
   
-1.3 13 
4p.5d 3FO 2 188426.6 
 
0.4 81 4p.5d 3FO 15 4p.5d 1DO 
   
-83.6 8 
4p.5d 3FO 3 189646.5 
 
0.6 80 4p.5d 3FO 14 4p.5d 3DO 6 4p.5d 1FO -30.9 4 
4p.4f 1F 3 189986 N 0.4 62 4p.4f 1F 17 4p.4f 3G 13 4p.4f 3D -96.3 7 
4p.5d 3DO 2 190001.88 
 
0.4 33 4p.5d 3PO 30 4p.5d 1DO 28 4p.5d 3DO 44.9 10 
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Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p.4f 3F 3 190296.7 N 0.4 57 4p.4f 3F 32 4p.4f 3G 9 4p.4f 3D 15.8 7 
4p.4f 3F 2 190479 N 0.4 78 4p.4f 3F 11 4p.4f 1D 9 4p.4f 3D 111.9 9 
4p.4f 3F 4 190509.1 N 0.4  4p.4f 3F 31 4p.4f 3G 15 4p.4f 1G -44.1 5 
4p.5d 3DO 1 190839.8 
 
0.4  4p.5d 3DO 16 4p.5d 3PO 10 4p.6s 1PO 86 11 
4p.6s 3PO 2 191521.9 
 
0.4  4p.6s 3PO 4 4p.5d 1DO 
   
-1.2 10 
4p.6s 1PO 1 192160.14 
 
0.4 63 4p.6s 1PO 21 4p.6s 3PO 14 4p.5d 3DO -6.1 11 
4p.5d 3FO 4 192992.5 R 0.8 100 4p.5d 3FO 
      
126.4 1 
4p.5d 1DO 2 193303 
 
0.4 46 4p.5d 1DO 30 4p.5d 3DO 14 4p.5d 3FO -89.6 10 
4p.4f 3G 3 193806.74 N 0.4 48 4p.4f 3G 28 4p.4f 1F 22 4p.4f 3F -42.7 9 
4p.5d 3DO 3 193913.6 
 
0.6 80 4p.5d 3DO 17 4p.5d 3FO 
   
15.6 3 
4p.4f 3G 4 194089.45 N 0.4 47 4p.4f 3G 44 4p.4f 3F 7 4p.4f 1G -13.6 5 
4p.5d 3PO 2 194725.8 
 
0.5 57 4p.5d 3PO 37 4p.5d 3DO 
   
-0.4 10 
4p.5d 3PO 1 194948.9 
 
0.6 80 4p.5d 3PO 18 4p.5d 3DO 
   
-17.1 5 
4p.4f 3G 5 195092.9 - 
 
97 4p.4f 3G 3 4s.4p2.4d 3G 
   
0 
 4p.5d 3PO 0 195094.7 
 
0.5 99 4p.5d 3PO 
      
-26.7 5 
4p.4f 3D 3 195301.4 N 0.4 76 4p.4f 3D 14 4p.4f 3F 8 4p.4f 1F 87.7 8 
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Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p.4f 3D 2 195583.1 N 0.6 53 4p.4f 3D 25 4p.4f 1D 19 4p.4f 3F 85 10 
4p.4f 1G 4 196041.1 - 
 
77 4p.4f 1G 20 4p.4f 3G 
   
0 
 4p.4f 3D 1 196424.8 - 
 
97 4p.4f 3D 
      
0 
 4p.4f 1D 2 196728.05 N 0.4 43 4p.4f 1D 23 4s.4p2.4d 3P 18 4p.4f 3D -162.9 9 
4p.5d 1FO 3 196839.3 
 
0.5 88 4p.5d 1FO 5 4p.5d 3DO 
   
-29.2 6 
4p.5d 1PO 1 198009.9 
 
0.4 84 4p.5d 1PO 6 4p.5d 3DO 
   
18.7 9 
4p.7s 3PO 0 213015 N 3 100 4p.7s 3PO 
      
-1.3 1 
4p.7s 3PO 1 213145.7 N 1.8 71 4p.7s 3PO 29 4p.7s 1PO 
   
1.3 5 
4p.6d 3FO 2 213731 N 2.4 76 4p.6d 3FO 20 4p.6d 1DO 
   
-52.1 3 
4p.6d 3DO 2 214367 N 3 41 4p.6d 3PO 35 4p.6d 3DO 20 4p.6d 1DO 45.8 3 
4p.6d 3FO 3 214431.2 N 2.1 62 4p.6d 3FO 22 4p.6d 3DO 15 4p.6d 1FO -22 2 
4p.6d 3DO 1 214806 N 3 64 4p.6d 3DO 18 4p.6d 3PO 16 4p.6d 1PO 33.6 3 
4p.7s 3PO 2 217355.8 N 2.2 99 4p.7s 3PO 
      
-0.4 3 
4p.7s 1PO 1 217623.8 N 2.4 69 4p.7s 1PO 29 4p.7s 3PO 
   
0.1 3 
4p.6d 1DO 2 218148.1 N 2.2 55 4p.6d 1DO 20 4p.6d 3DO 19 4p.6d 3FO -19.7 3 
4p.6d 3FO 4 218164.1 - 
 
100 4p.6d 3FO 
      
0 
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Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p.6d 3DO 3 218409 N 4 68 4p.6d 3DO 30 4p.6d 3FO 
   
19.9 2 
4p.6d 3PO 2 218792 N 3 52 4p.6d 3PO 42 4p.6d 3DO 
   
35.2 3 
4p.6d 3PO 1 218934.3 N 5 76 4p.6d 3PO 23 4p.6d 3DO 
   
38.7 2 
4p.6d 3PO 0 219058.5 N 3.3 100 4p.6d 3PO 
      
52.9 1 
4p.6d 1FO 3 219625 N 3 80 4p.6d 1FO 10 4p.6d 3DO 7 4p.6d 3FO -63.6 2 
4p.6d 1PO 1 220100.9 N 2.4 78 4p.6d 1PO 11 4p.6d 3DO 6 4p.6d 3PO -68.6 2 
4p.8s 3PO 0 226523 N 7 100 4p.8s 3PO 
      
0.2 1 
4p.8s 3PO 1 226596 N 4 69 4p.8s 3PO 31 4p.8s 1PO 
   
-0.1 3 
4p.7d 3FO 2 227111 N 5 75 4p.7d 3FO 20 4p.7d 1DO 
   
195.5 2 
4p.7d 3DO 2 227246 N 6 44 4p.7d 3PO 36 4p.7d 3DO 17 4p.7d 1DO -21.9 2 
4p.7d 3FO 3 227348.7 N 3 55 4p.7d 3FO 24 4p.7d 3DO 21 4p.7d 1FO -53 2 
4p.7d 3DO 1 227498 N 4 60 4p.7d 3DO 21 4p.7d 1PO 18 4p.7d 3PO -120.8 2 
4p.8s 3PO 2 230872 N 5 99 4p.8s 3PO 
      
-1.2 2 
4p.8s 1PO 1 231019 N 4 68 4p.8s 1PO 31 4p.8s 3PO 
   
1.2 2 
4p.7d 3FO 4 231150.2 - 
 
100 4p.7d 3FO 
      
0 
 4p.7d 1DO 2 231300 N 4 58 4p.7d 1DO 20 4p.7d 3FO 17 4p.7d 3DO 59.6 3 
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Configuration Term J 
   Energy a 
  cm−1 
Unc. b 
cm−1 
Leading percentages c 
1st %    Config.     Term    2nd %     Config.       Term    3rd %  Config       Term    
ΔEo−c
d 
cm−1 
No. of  
Linese 
4p.7d 3DO 3 231393.3 N 3 65 4p.7d 3DO 34 4p.7d 3FO 
   
8.4 2 
4p.7d 3PO 2 231593 N 5 50 4p.7d 3PO 43 4p.7d 3DO 5 4p.7d 1DO 47.3 2 
4p.7d 3PO 1 231637.9 N 4 74 4p.7d 3PO 25 4p.7d 3DO 
   
56.5 1 
4p.7d 3PO 0 231673.4 N 3 100 4p.7d 3PO 
      
76.4 2 
4p.7d 1FO 3 232021.4 N 3.4 77 4p.7d 1FO 12 4p.7d 3DO 10 4p.7d 3FO -146.2 1 
4p.7d 1PO 1 232255.7 N 7.6 76 4p.7d 1PO 14 4p.7d 3DO 8 4p.7d 3PO -104.3 1 
a Symbols next to the energy value have the following meaning: N – new identification; R – previous value and/or interpretation has 
been revised here, D – previous level designation changed.  
b Uncertainties resulting from the level optimization procedure are given on the level of one standard deviation 
c First three LS percentage compositions with its term are given. From given three LS designation, the highest leading LS percentage 
composition decides the level designation and is given in the first column of the table.The percentage compositions were determined 
in this work by a parametric least-squares fitting with Cowan’s codes [11, 10] (see text). 
d Differences between observed energies and those calculated in the parametric least squares fitting. 
e Number of observed lines determining the level in the optimization procedure. 
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Table 4.4: LSF parameters (cm
−1
) for Se III 
Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
Even Parity 
b
  
4s
2
.4p
2
 Eav 13880.2 
 
81 8128.9 1.707 
 
F
2
(4p,4p) 44528.7 
 
424 52822.8 0.842 
 
(4p) -151.3 
 
-42 0 
 
 
ζ (4p) 2606.8 
 
144 2364.7 1.102 
4s
2
.4p.5p Eav 157597.6 
 
53 157213.3 1.002 
 
ζ (4p) 2890.8 
 
106 2668.9 1.083 
 
ζ (5p) 494.9 
 
fixed 494.9 1 
 
F
2
(4p,5p) 11164.3 
 
529 14130.6 0.790 
 
G
0
(4p,5p) 2576.7 3 87 3412.7 0.755 
 
G
2
(4p,5p) 3009.2 3 102 3985.5 0.755 
4s
2
.4p.6p Eav 207276.2 
 
fixed 201617.2 1.028
c
 
4s
2
.4p.7p Eav 227451.4 
 
fixed 221792.4 1.025
 c
 
4s
2
.4p.8p Eav 238489.8 
 
fixed 232830.8 1.024
 c
 
4s
2
.4p.4f Eav 194679.7 
 
58 193973.1 1.003 
 
ζ (4p) 2818.9 
 
122 2682.3 1.050 
 
ζ (4f) 0.6 
 
fixed 0.6 1 
 
F
2
(4p,4f) 9079.1 
 
862 10148.4 0.894 
 
G
2
(4p,4f) 2754.9 3 93 3648.7 0.755 
 
G
4
(4p,4f) 1811.2 3 61 2398.8 0.755 
4s
2
.4p.5f Eav 223339.7 
 
fixed 217680.7 1.025
 c
 
4s
2
.4p.6f Eav 236016.9 
 
fixed 230357.9 1.024
 c
 
4s
2
.4p.7f Eav 243611 
 
fixed 237952 1.023
 c
 
4s
2
.4p.8f Eav 248518.6 
 
fixed 242859.6 1.023
 c
 
4s
2
.4d2 Eav 278489.4 
 
fixed 272830.4 1.020
 c
 
4s
2
.5s2 Eav 282105.6 
 
fixed 276446.6 1.020
 c
 
4p
4
 Eav 235315.6 
 
fixed 229656.6 1.024
 c
 
4s.4p
2
.5s Eav 233669.6 
 
fixed 228010.6 1.024
 c
 
4s.4p
2
.4d Eav 234680.8 
 
fixed 229021.8 1.024
 c
 
4s.4p
2
.5d Eav 295732.7 
 
fixed 290073.7 1.019
 c
 
4s
2
.4p
2
-4s
2
.4p.5p RD
0
(4p,4p,4p,5p) 1446.8 
 
fixed 1929.1 0.75 
 
RD
2
(4p,4p,4p,5p) 6623.1 
 
fixed 8830.8 0.75 
Odd Parity
b
  
4s.4p3 Eav 113603.2 
 
61 107944.2 1.052 
 
F
2
(4p,4p) 44935.7 
 
245 52865.5 0.85 
 
 (4p) 0 
 
-23 0 
 
 
ζ 
(4p) 2371.6 
 
fixed 2371.6 1 
 
G
1
(4s,4p) 53612.3 
 
162 63073.3 0.85 
4s
2
.4p.4d Eav 140006.9 
 
49 134347.9 1.042 
 
ζ (4p) 2543.3 
 
92 2543.3 1 
 
ζ (4d) 84 
 
fixed 84 1 
 
F
2
(4p,4d) 28961.8 
 
419 34072.7 0.85 
 
G
1
(4p,4d) 28612.4 
 
165 33661.6 0.850 
 
G
3
(4p,4d) 17448.8 
 
419 20528 0.85 
4s
2
.4p.5d Eav 198661.8 
 
37 193002.8 1.029 
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Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
 
ζ (4p) 2664.4 
 
60 2664.4 1 
 
ζ 
(5d) 31 
 
fixed 31 1 
 
F
2
(4p,5d) 8302.9 
 
354 9768.1 0.85 
 
G
1
(4p,5d) 6132.6 
 
181 7214.8 0.85 
 
G
3
(4p,5d) 4036 
 
302 4748.2 0.85 
4s
2
.4p.6d Eav 223138.6 
 
39 217479.6 1.026 
 
ζ (4p) 2685.3 
 
57 2685.3 1 
 
ζ (6d) 15.2 
 
fixed 15.2 1 
 
F
2
(4p,6d) 3642.4 
 
380 4285.2 0.849 
 
G
1
(4p,6d) 2510.2 
 
246 2953.2 0.849 
 
G
3
(4p,6d) 1698.7 
 
fixed 1998.5 0.849 
4s
2
.4p.7d Eav 236004.7 
 
37 230345.7 1.024 
 
ζ (4p) 2692.8 
 
52 2692.8 1 
 
ζ (7d) 8.7 
 
fixed 8.7 1 
 
F
2
(4p,7d) 1955.1 
 
398 2300.1 0.85 
 
G
1
(4p,7d) 1309.4 
 
fixed 1540.5 0.849 
 
G
3
(4p,7d) 898.8 
 
fixed 1057.4 0.850 
4s
2
.4p.5s Eav 136195.1 
 
80 130536.1 1.043 
 
ζ (4p) 2621.4 
 
99 2621.4 1 
 
G
1
(4p,5s) 4217.3 
 
409 4961.5 0.850 
4s
2
.4p.6s Eav 196485.2 
 
67 190826.2 1.029 
 
ζ (4p) 2675.6 
 
90 2675.6 1 
 
G
1
(4p,6s) 1230.7 
 
341 1447.9 0.849 
4s
2
.4p.7s Eav 221971.6 
 
64 216312.6 1.026 
 
ζ (4p) 2689.7 
 
86 2689.7 1 
 
G
1
(4p,7s) 553.3 
 
336 650.9 0.850 
4s
2
.4p.8s Eav 235323.2 
 
64 229664.2 1.024 
 
ζ (4p) 2695.2 
 
85 2695.2 1 
 
G
1
(4p,8s) 300.5 
 
339 353.5 0.850 
4s.4p3-4s
2
.4p.4d RD
1
(4p,4p,4s,4d) 37299 1 153 49732 0.75 
a 
Parameters in each  numbered group were linked together with their ratio fixed at the Hartree-Fock level. 
b 
All configuration-interaction parameters R
k
 for the odd and even parity configurations were fixed at 75 % 
of the Hartree-Fock value. 
c 
These highly excited configurations are unknown experimentally. They were included in the calculations 
in order to account for their interaction with other configurations studied in this work. Except for the 
average energies Eav given here, the other parameters F
k
 and G
k 
were fixed at 85 % whereas R
k
 at 75 % of 
the Hartree-Fock values Spin orbit interaction integral were fixed at 100 % of HFR.  . 
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Chapter 5  
                                                              The Fourth Spectrum of Selenium: Se IV 
 
5.1   Introduction 
  The triply ionized selenium (Se IV) is the fourth member of the Ga-I 
isoelectronic sequence with the ground configuration [Ar] 3d
10
4s
2
4p consisting of the 
ground most level 
2
P
o
1/2. The currently available spectroscopic information on Se IV 
compiled in Atomic Spectra Database (ASD) [1] of the National Institute of Standards 
and Technology (NIST) and Moore’s Atomic Energy Levels (AEL) [2] are based on 
the earlier work of Rao and Badami [3] and limited to one electron system with only 
low lying configurations. The first work in this ion was carried out by Pattabhiramiah 
and Rao [4] who established the ground interval 4s
2
4p 
2
P
o
 of Se IV. Later Rao and 
Badami [3], revised the earlier work of Pattabhiramiah [4] and established 19 levels 
belonging to one electron system covering 4s
2
 [ns, np,  nd, 4f and 5g]  on the basis of 
38 transitions in the wavelength region of 600 Å-3100 Å and also reported the 
ionization potential based on 4s
2
5g levels. More extensive work on this spectrum was 
carried out by George [5] for his doctoral thesis in 1962. This covers the wavelength 
region from (332 Å-10,457Å) involving the 4s
2
nl series in terms of both high n and ℓ 
values which are used to calculate the ionization potential (IP). Apart from one 
electron system, he also reported inter-combination transitions (4s
2
4p-4s4p
2
) for the 
first time and extended the work to investigate the three electron part in both parities as 
well. Out of eight possible levels of 4p
3
, he could establish only one level. Later Joshi 
and George [6] estimated the IP by using Ritz and POLAR [7] codes using 4s
2
ng (n=5-
9) and 4s
2
nh (n=6-8) series. Gautam and Joshi [8] rejected the 4p
3
 
4
S
o
3/2 level as 
established by George [5] and reported all eight levels of 4p
3
 configuration using their 
own observation made with theta pinch light source in the region 500 Å-1600 Å. 
Gautam and Joshi [8] classified the transitions from 4s
2
(ns+nd)-4p
3
 for the first time in  
Se-IV isoelectronic series. Further, Gautam and Joshi [8] rejected the value of 4s
2
7s 
level of George [5] and pointed out the irregularities in the earlier reported value of 
Ionization Potential (IP) by Joshi and George [6].   
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  Although, both the reports by Gautam and Joshi [8] and George [5] deal in the 
VUV wavelength region, their findings for level identification in 4s
2
nl and 4p
3 
are 
contradictory, and Gautam and Joshi [8] did not even resolve the existing ambiguity 
especially with the 4s
2
nl series and IP. Despite those extensive studies, the currently 
available data are still inadequate, since there are considerable anomalies in energy 
level values and line assignments. The lines determining these energy levels have to be 
re-discovered. 
  Our motivation in the present work is to provide a comprehensive spectral 
analysis of three times ionized selenium by exploiting newly recorded selenium 
spectra in VUV region at St. F. X. University, Antigonish (Canada) and the line list 
given by George [5] in the higher wavelength region. All previously reported energy 
levels and corresponding transitions of Se IV are subjected to critical investigation. 
One of our primary goal is to resolve the existing anomaly in the 4s
2
7s 
2
S1/2 level value 
and IP. Excitations from 4s
2
nf configurations to 4s
2
ng are extensively studied in this 
work. Although, three member ng series was studied by George [5], but found 
ambiguous in many respects. Some of the levels connecting to ng series were reported 
doubtful. The work carried out by Gautam and Joshi [8] with new measurement using 
theta pinch source reproduced some of the reported levels of AEL [2], but all of the 
suggested level assignments and line classifications for 4s
2
7s, 4s
2
6f and 4p
3
 
configurations are made using physically inadequate theoretical atomic model. We 
attempt to resolve all these ambiguities in the present analysis. Interestingly, the three 
electron configuration of the type 4s4pnl is completely unknown theoretically as well 
as experimentally. 
  At this stage, it would be appropriate to describe the energy level structure of 
Se IV before going deep into its spectral investigation. The structure is described in the 
Table 5-1and the Grotrian diagram in Figure 5-1. 
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Table 5-1: Level Structure of Se IV 
The Ground configuration of Se IV is [Ar] 3d
10
4s
2
4p with 
2
P
o
1/2, 3/2 ground structure 
Configuration
a
 Parent Term Term
b
 J 
    3d
10
.4s
2
.np (
1
S) 
2P˚ 1/2, 3/2 
3d
10
.4s
2
.ns (
1
S) 
2
S 1/2 
3d
10
.4s
2
.nd (
1
S) 
2
D 3/2, 5/2 
3d
10
.4s
2
.nf (
1
S) 
2F˚ 5/2, 7/2 
3d
10
.4s
2
.ng (
1
S) 
2
G 7/2, 9/2 
3d
10
.4s
2
.nh (
1
S) 
2H˚ 9/2, 11/2 
3d
10
.4s.5p
2
 (
3
P) 
4
P 1/2, 3/2, 5/2 
 
(
1
D) 
2
D 3/2, 5/2 
 
(
1
S) 
2
S 1/2 
 
(
3
P) 
2
P 1/2, 3/2 
3d
10
.4s.4p.5s (
3P˚) 4P˚ 1/2, 3/2, 5/2 
  
2P˚ 1/2, 3/2 
 
(
1P˚) 2P˚ 1/2, 3/2 
3d
10
.4p
3
 (
4S˚) 4S˚ 3/2 
 
(
2D˚) 2D˚ 3/2, 5/2 
 
(
2P˚) 2P˚ 1/2, 3/2 
3d
10
.4s.4p.4d (
3P˚) 4F˚ 3/2, 5/2, 7/2, 9/2 
  
4D˚ 1/2, 3/2, 5/2, 7/2 
  
4P˚ 1/2, 3/2, 5/2 
  
2F˚ 5/2, 7/2 
  
2D˚ 3/2, 5/2 
  
2P˚ 1/2, 3/2 
 
(
1P˚) 2F˚ 5/2, 7/2 
  
2D˚ 3/2, 5/2 
  
2P˚ 1/2, 3/2 
a
 To the given configurations, the Kernel structure ‘[Ar]’ must be added before each of it for the 
completeness of electronic structure.  
b 
The strict ordering of levels are governed by Hund’s rule for the fine structures. 
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Figure 5-1: Energy level structure of Se IV 
5.2 Ab-initio predictions 
The theoretical atomic calculations for energy levels, wavelengths, oscillator 
strength and transition probabilities of Se IV were made with Cowan’s codes [9, 10], 
which work on the formalism of Hartree–Fock (HF) method which includes 
perturbative effect due to relativistic and configuration-interaction (CI).  
5.2.1 Atomic Structure and Transition Rates 
We used Cowan’s atomic structure package to calculate the solution for 
relativistic HF equations including the configuration interaction (HFR) for Se IV and 
also for the studied ions in the isoelectronic series. We adjusted the values of the 
Slater energy parameters, viz., the average configuration energy (Eav), the Coulomb 
integrals (F
k
, G
k
 and R
k
), and the spin-orbit parameters (ζnl) along the isoelectronic 
sequence to fit the experimental energy levels of  Se IV by means of a least-squares 
fitted parametric calculations. The calculated energy values, their compositions, 
weighted transition probability rate (gA) and weighted oscillator strengths log (gf), as 
defined in Chapter 1.  
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5.3 Theoretical Calculations  
We conducted multi-configuration interaction Hartree-Fock calculations [9] 
with thirty two odd parity and thirty nine even parity configurations. In the odd parity 
system, we included following configurations:  
Odd configuration system: 
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Figure 5-2: Eav (HF) value for odd parity configurations in Ga I sequence from Ga I 
to Br V. Eav is the centre of gravity of the configuration obtained using relativistic 
Hartree-Fock calculations. 
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Even configuration system: 
The following configurations were incorporated for the even parity matrix. 
       
 
   
       
 
   
       
 
   
             
 
   
       
 
   
        
 
   
         
 
   
               
 
   
       
 
   
      
 
   
 
   
        
 
Since 4s
2
4p 
2
P
o
1/2 level has certainly 0.0 cm
-1
 energy, we try to match this 
value with our ab-initio calculated position which normally calculates a negative 
value. We, therefore, shifted all the average energies of the configurations by +8840 
cm
−1
. 
  The ab-initio energy parameters were initially scaled using factors described 
in the isoelectronic species As III [11], Br V [12] and Kr VI [13]. Therefore, the 
initial scaling of Slater parameters for Eav and ζnl was 100% of the HF values while 
the G
k
, F
k 
and R
k
 parameters were scaled to 75 % of the HF values. The average 
energy for 4s
2
6p and 4s4p5s configuration lies very close to each other as evident 
from Figure 5-2 are expected to interact strongly.  
5.4 Spectral Analysis 
The energy parameters and the energy levels of configurations 4s
2
nl  (n≥4; 
l=0-5), 4p
3
, 4s4p4d and 4s4p5s under study could be predicted from the isoelectronic 
sequence using least square fitting (LSF) [1, 11, 12] in combination with Hartree-
Fock (HF) [9] methods. However, a similar isoelectronic sequence extension was not 
possible for 5f, 6f and 6p due to the strong interaction with 4s4p5s and 4s4p4d 
configurations. Therefore, as a consequence CI calculations were carried out. The 
analysis of Se IV spectra involves large number of transition wavelengths, energy 
levels, and line intensities and to support the analysis a computer code FIND3 was 
used. All lines classified in the present scheme Table 5-2 have Se IV ionization 
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characteristics. In the present analysis, various transition arrays have been studied 
extensively and discussed in the different subsection below. Table 5-3 shows a 
complete list of the 65 levels that were classified, described in the LS coupling 
scheme. In this work, we revised 14 previously known energy levels and established 
29 new energy levels.  
5.4.1 4s2(ns+nd) +4s4p2 configurations: 
The first excitation of the outer electron from 4s
2
4p 
2
P
o
 to different 4s
2
ns as 
well as 4s
2
nd configuration were taken first which shows simple doublet structure. 
The transition array 4s
2
4p 
2
P
o
1/2, 3/2 – 4s
2 
[5s+6s] 
2
S1/2 was investigated by Rao and 
Badami [3] and later confirmed by George [5]. In our investigation, we found the 
spectral lines with Se IV ionization characteristic belonging to these transitions and 
hence we further confirmed 4s
2
5s and 4s
2
6s levels with improved accuracy.  
The 4s
2
7s level remains a mystery. This level was first reported by Rao and 
Badami [3], but revised by George [5] and further revised by Gautam and Joshi [8]. 
However, the current value of 4s
2
7s level did not give any transition to the ground 
4s
2
4p levels which is predicted to be strong. We looked carefully and found a good 
pair from both levels of 4s
2
4p 
2
P. Our new value is shifted by 3086 cm
-1
 lower than 
the reported value [8].This level was further confirmed by the transitions from 4s
2
5p 
levels as well. This new level fitted well on isoelectronic plot as well as found 
consistent with Hartree Fock calculations in the sequence [12]. A further regularity 
check was carried out by plotting the quantum defect (n-n*) with term value t=(n*)
2
 
for all three previously known values of 4s
2
7s 
2
S1/2 level along with our newly found 
level value. It is also evident from Figure 5-3 that only our value shows regularity 
along 4s
2
ns series and other values deviate. The 4s
2
ns (n=5-7) series is now well 
established and unperturbed, showing the leading LS percentages of their composition 
above 87 % which were  used for the determination of  ionization potential, agreed 
well with the value obtained by using  4s
2
ng series. The further extension of 4s
2
ns 
series was not successful as we could not find any transition for 4s
2
8s level.  
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Figure 5-3: The quantum defect (n-n*) is plotted against term value t=(n*)
2
 for 4s
2
ns 
with value of 4s
2
7s from Rao [3], George [5] Gautam [8] and this work (TW). Red: 
This work (TW); Blue: George [5]; Green: Gautam [8] and Black: Rao [3] 
The next important series in one electron spectra is 4s
2
nd. There are only two 
members of the series listed in ASD [1] we found all four levels of 4s
2
4d and 4s
2
5d to 
be correct and are being confirmed in this work. However, we could not confirmed 
4s
2
6d levels given by George [5]. The main reason was that we did not see his 
assigned 5p - 6d transitions as well as no connecting transitions from ground levels 
either.  Instead, we found two transitions for 4s
2
6d levels from 4s
2
4p levels.  Also, we 
found supporting transitions from the levels of 4s4p4d and 4p
3
 configurations due to 
strong mixing of the levels with 4s
2
np series, the probability of 4s4p4d-4s
2
6d and 4p
3
-
4s
2
6d transition is of the order of 10
8 
s
-1
. 
Our new level values for 4s
2
6d 
2
D3/2, 5/2 are 276997.6 cm
-1
 and 277068.5 cm
-1
 
respectively. The further extension of 4s
2
nd levels could not be done as the expected 
transitions were too weak and not seen on our plates.    
Among the three electron part, the  internal excitation of 4s electron to the 4p 
shell leads to 4s4p
2
 configuration which consists of doublet (
2
S, 
2
P, 
2
D) and quartet 
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structure (
4
P) of which 
4
P member lies deepest .  The doublets were first reported by 
Rao [3] which were being confirmed by others [5, 8]. We also found satisfactory 
transitions and therefore, confirmed these levels.  However, the 
4
P levels were first 
established by George [5] and further being confirmed by Gautam [8]. In the present 
work we confirmed only 
4
P1/2, and 
4
P 5/2 levels but 
4
P3/2 was revised. We rejected the 
value of 
4
P3/2 at 80980 cm
-1
 due to following reason: the transition from 4s4p
2
 
4
P3/2-
4s
2
4p 
2
P1/2 at 80980 cm
-1
   is a Se II resonance transition with proper Se II ionization 
characteristic. We found two transitions with proper Se IV ionization characteristics 
to re-establish this level at 81146.3 cm
-1
.  In the later part of the analysis, this newly 
found sp
2
 
4
P3/2 level gave strong transitions with all three 4p
3
 
4
P levels as expected 
and many more from 4s4p4d as well as 4s4p5s configurations. 
5.4.2 The 4p3+4s4p4d and 4s4p5s configurations: 
 The three configurations namely 4p
3
, 4s4p4d and 4s4p5s arising from 4s4p
2
 
configuration are mixed strongly and their analysis were taken together. Let me 
consider 4p
3
 first.  
5.4.2.1 The 4p3 configuration: 
 Fortunately, 4p
3
 levels were known in the isoelectronic members and               
they have been studied [11, 14, 15]. Figure 5-4 shows the variation of 4p
3                      
 
levels along the isoelectronic sequence. The level values were taken                                     
from the published results [8] for Se IV and for As III - Mo XII from                               
[11, 13, 14, 15]. This isoelectronic plot reveals the serious irregularities for 4p
3                    
 
levels reported by Gautam and Joshi [8] indicating misidentification of                         
the levels.  The interpolation suggests the energy level values in Se IV to be much 
higher than the previously reported values. The 4p
3
 
4
S3/2 level needs special mention 
as this level was the only level of 4p
3
 configuration which was first reported by 
George [5] at 202290 cm
-1
. Later Gautam [8] extended the analysis and found all 
other levels belonging to 4p
3
 configuration revising 
4
S3/2 to 159449 cm
-1
 which is 
about 43000 cm
-1
 lower than the George's value. Therefore, we first try to resolve the 
issue with 
4
S3/2 level as being given different value  in two separate analyses. Our ab-
initio calculations from Cowan's code  predicted this level at 211175 cm
-1
, which 
suggests the value of Gautam to be erroneous. Secondly, on isoelectronic comparison, 
this value deviates significantly as shown in Figure 5-4. Therefore, this level                                                
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was rejected. We also disagree with the George's value for 
4
S3/2 due to following 
reasons: firstly, the main expected strong transitions from 4s4p
2
 
4
P levels were 
missing and the level was established on the basis of spurious transitions from 4s
2
5s, 
4s
2
5d and 4s
2
6s configurations and in addition to this value was deviating by more 
than 6000 cm
-1
 in LSF calculations. We found new level value for 
4
S3/2 at 208888.1 
cm
-1
 with its transition from all 4s4p
2 4
P levels as well as from 4s
2
5s and 4s
2
4d 
configurations. Our new found value fits nicely in the LSF calculations and perfectly 
regular on the isoelectronic plots as shown in Figure 5-5. Among rest of the levels we 
could confirmed only 4s4p
2 2
P1/2 level of Gautam and Joshi [8] and rest of them were 
revised. We established all the levels of these configurations successfully with the 
identifications of lines of right ionization characteristic. 
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Figure 5-4: Isoelectronic plots of the 4s4p
2
 (
4
P) (dotted line) and 4p
3
 (
4
S, 
2
P and 
2
D) 
(solid line) levels along the Ga I sequence from As III to Mo XII. E is the relative 
energy of the levels in cm
-1
 and  is the net electronic charge of the core (is I for 
neutral atoms, II for singly ionized atoms and so on). 
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Figure 5-5: Re-plot of the Figure 5-4 with revised level values of 4p
3 
5.4.2.2 4s4p4d and 4s4p5s configurations 
Apart from 4p
3
 configuration the 4s4pns and 4s4pnd configurations also arise 
from the excitation of 4s4p
2
 configuration. The 4s4p4d and 4s4p5s configurations are 
well established in the isoelectronic sequence from Ga I to Kr VI but not being 
studied in Se IV either theoretically or experimentally. From our ab-initio calculations 
using Cowan's code we noticed strong configuration interaction of 4s4p4d with 4s
2
5f 
configuration and 4s4p5s is highly mixed with 4s
2
6p and 4s
2
7p configurations.  We 
studied these configurations from scratch and established all the twenty three levels of 
4s4p4d except the one with J=4.5 as it is not being connected with 4s4p
2
 
configuration and seven levels of the 4s4p5s configuration.  All the levels belonging 
to these configurations fitted nicely in our LSF parametric calculations with expected 
parameter’s scaling. All the levels are designated with their leading LS component. 
Apart from these three configurations we further explore the possibility of higher 
excitation 4s4p5d and 4s4p6s configurations as well which is completely unknown in 
the isoelectronic sequence (Ga I-Mo XII) [14].  All the levels are designated in LS 
coupling scheme as more than 95% of the levels are having LS percentage 
composition more than 50%. The jj coupling is not any better option.  These levels 
have also been assembled in Table 5-3.  
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Figure 5-6: Energy Level Structure diagram for different configurations which are 
shown in different colours. 
5.4.3 4s2np+4s2nf configurations 
In this section the second excitations where normally the transitions are 
weaker than resonance transitions will be discussed. After successful establishment of 
4s
2
nd and 4s
2
ns series, we extended the analysis to 4s
2
np and 4s
2
nf configurations. 
We confirmed the levels belonging to 4s
2
np (n=4-5) and 4s
2
4f configurations listed in 
[1].  Later, George [5]extended this series and made a tentative assignment of 4s
2
5f 
2
F5/2, 7/2 levels at 271980 and 272001 cm
-1
 based on its combination with 4s
2
5d 
2
D3/2, 
5/2 levels only. During our analysis we found strong configuration mixing of 4s
2
5f 
with 4s4p4d configuration and as a result the levels of 4s
2
5f configuration are mixed 
with 4s4p(
1
P)4d 
2
F levels. We found the level value for 4s
2
5f 
2
F5/2 and 
2
F7/2 at 
268578.6 cm
-1
 and 268352.8 cm
-1
 respectively connecting with 4s
2
4d and 4s4p
2
 
configurations. Due to strong mixing of 4s
2
5f levels with the levels of 4s4p4d 
configuration, strong transitions are predicted from 4s4p
2
 
2
D 3/2, 5/2 levels. The 4s
2
6f 
levels were not found.   
 In the 4s
2
np series, George [5] extended the series up to n=7 and established 
the levels of 4s
2
6p and 4s
2
7p configurations. However, George [5] analysis did not 
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include the interacting configuration 4s4p5s which lies in close vicinity of 4s
2
6p. As a 
result 4s
2
6p configuration predicts strong transition probability from 4s4p
2
 
configuration. This helped in establishing the 4s
2
6p 
2
P1/2, 3/2 levels at 256254.1 cm
-1
 
and 252983.2 cm
-1
 respectively with great confidence. The level purity for 4s
2
6p 
2
P1/2 
is only 64% while 
2
P3/2 is 56% (Table 5-3).  The 4s
2
7p levels were   also rejected due 
to the fact that this configuration is also mixed with 4s4p5s configuration. We found 
the revised value for 4s
2
7p fitting very well in the LSF calculation.  Now the 4s
2
np 
series is well established with its transition from 4s
2 
[5s+6s+4d+5d] + 4s4p
2
 
configurations. All the levels along with LS percentage compositions are given in 
Table 5-3.  
5.4.4 The 4s2ng and 4s2nh series: 
These configurations are highly useful for the determination of ionization potential 
with much higher accuracy. We did try to find them here however; all of the 
transitions connecting 4s
2
ng to 4s
2
nf were out of our wavelength region. Though this 
region is covered in George’s line list [5] but we could not confirm the ionization 
stages of these transitions. From George's line list there were more than one options to 
choose, so we could not finalized the identification without ambiguity. However, 4f-
5g transitions were on our line list, and we confirmed the identification of 5g levels. 
The 6g levels as reported by George [5] and later by George and Joshi [6] did not give 
any transitions to either 4s
2
4f or 4s
2
5f levels, are therefore, doubtful. We could not 
confirmed the levels of 4s
2
ng[n=6-9]. George and Joshi [6] also studied the 4s
2
nh 
series and most of the transitions connecting from 4s
2
nh to 4s
2
ng series lie above 2400 
Å therefore, we could not confirm them for their ionization assignment. However, 
they seem to be unreliable from the value of series limit calculated with Ritz and 
Polar code as well as from semi empirical method as developed by Kramida to 
calculate the IP for Tungsten ions. The ionization potential from 4s
2
5g alone using 
semi-empirical method comes at 346818.8 cm
-1
 whereas from other 4s
2
ng (n=6-9) 
series the value of IP is ranging from 346703.5 cm
-1
 to 346526.1 cm
-1 
which is in 
contradiction to the case of Ge II and As III giving IP alone with a single series within 
few cm
-1
 using semi-empirical method. Therefore, this makes the value of 4s
2
ng (n=6-
9) series to be erroneous. Therefore, use used levels of 4s
2
5g alone to calculate the IP 
using semi-empirical method after confirming it from levels of 4s
2
4f configurations.  
Chapter -5 
153 
 
Optimization of the energy level values: 
The energy levels were optimized by using least-squares level optimization 
code LOPT [17] after estimating the uncertainty for each individual transition. We 
also used the lines in the higher wavelength region from George thesis [5] after 
estimating the uncertainty to each spectral line. We identified 238 spectra transition 
wavelengths out of which nine are from George measurements, which resulted in 
sixty five optimized values for energy levels belonging to both even and odd parity 
configurations and given Table 5-3. In this table, the uncertainty of observed energy 
values for each level is estimated with respect to separations from 4s
2
4p
2
P
o
3/2 level, 
since this level was connected by most number of accurate transitions observed in this 
spectrum. Few of the observed transitions were masked either with the impurity or Se 
(II-V) lines hence were excluded from the optimization.  
5.4.5 Least square calculation 
To fit the Slater energy parameters to the experimental energy levels, we 
considered the set of configurations given in the previous section. Then in the least 
square fitting (LSF) procedure, the Slater parameters were varied to minimize the 
discrepancies between observed and calculated values. The results of the least-squares 
calculation for odd and even parity are given in Table 5-3. In the LSF procedure, the 
energy level calculation for even and odd parity configurations converged with a 
standard deviation (σ) of 24 cm -1 and 119 cm-1 respectively. The fitted Slater 
parameters were utilized to modify the initial wavefunction and hence the transition 
rates are given in Table 5-4. Considering only the configurations with known 
experimental levels, the average purity for odd levels is 78% for LS and 70% for jj 
coupling. For even parity, we found 93% for LS and 91% for jj coupling. Based on 
these findings, we designated all of the levels in LS coupling scheme. 
5.5 Ionization Potential:  
The first Ionization Potential of Se IV was reported by Rao and Badami [3] at 
346094 cm
-1
. Joshi and George [6] identified 4s
2
ng and 4s
2
nh series and reported 
series limit at 346390 cm
-1
 by using Ritz and Polar Code  [7]. Since we have found 
two three member series 4s
2
ns (n=5-7) but can’t be used for sue to its mixing with the 
other configuration. Moreover, we could not confirm any of the 4s
2
ng (n=6-9) and 
4s
2
nh (6-8), therefore we could not calculate the IP using Polar or Ritz [7] codes. 
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Therefore, the best known method is the semi-empirical method which is found to be 
most accurate in case of Ge II and As III. The value of IP calculated from semi-
empirical method using 4s
2
ng series for Ge II, As III and Se IV using reported level 
values are given below.  
IP using semi empirical method for Ge II, As III and Se IV 
Configurations Ge II As III Se IV 
4s
2
5g 128504.469 228741 346818.8 
4s
2
6g 128521.75 228751 346703.5 
4s
2
7g 128523.836 228742 346613.8 
4s
2
8g 128523.87 228742 346526.1 
4s
2
9g 
  
324660.4 
 
It is evident from the above values that the semi-empirical method is the best 
method to calculate, even if only one member of unperturbed 4s
2
ng or 4s
2
nh series 
are known. Also, this method indicates that 4s
2
ng (n=6-9) series in Se IV to be 
inaccurate, because none of the 4s
2
ng series  gives the IP value within few cm
-1
 as in 
the case of Ge II and As III. Therefore, we used only levels of 4s
2
5g and found the IP 
at 346818.8. (     cm-1. Usually the values obtained by 4s2ns and 4s2ng series are in 
close agreement [18], in our case we found the series limit of Se IV at 346721 cm
-1
 
using 4s
2
ns series in close agreement with 4s
2
5g series. But 4s
2
7s is not pure, 
therefore, Ritz method is not reliable to use for IP determination. We therefore, 
adopted the series limit at 346818.8 ± 50 cm
-1
. 
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Table 5-2: List of classified lines in Se IV spectrum 
Iobs
a
       Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
        Lin. Ref 
h
 
5 
 
358.747(14) 278748 358.7499(12) -0.0029 4s2.4p 2Po1/2 4s
2.7s 2S1/2 0 278745.7 9.40E+08 
 
TW 
3 
 
361.014(14) 276998 361.0140(8) 0.0 4s2.4p 2Po1/2 4s
2.6d 2D3/2 0 276997.6 6.74E+08 CF TW 
8 
 
364.468(14) 274373 364.4684(11) -0.0004 4s2.4p 2Po3/2 4s
2.7s 2S1/2 4373.5 278745.7 1.66E+09 
 
TW 
15 
 
366.707(14) 272697 366.7101(8) -0.0031 4s2.4p 2Po3/2 4s
2.6d 2D5/2 4373.5 277068.5 2.68E+09 
 
TW 
65 
 
415.370(7) 240749 415.3647(10) 0.0053 4s2.4p 2Po1/2 4s
2.6s 2S1/2 0 240752.3 1.84E+09 
 
TW 
80 
 
420.619(7) 237745 420.6099(12) 0.0091 4s2.4p 2Po1/2 4s
2.5d 2D3/2 0 237750 5.19E+09 
 
TW 
78 
 
423.057(7) 236375 423.0498(8) 0.0072 4s2.4p 2Po3/2 4s
2.6s 2S1/2 4373.5 240752.3 3.50E+09 
 
TW 
85 
 
428.222(14) 233524 428.2167(11) 0.0053 4s2.4p 2Po3/2 4s
2.5d 2D5/2 4373.5 237900.1 8.88E+09 
 
TW 
65 
 
428.498(7) 233373 428.4922(10) 0.0058 4s2.4p 2Po3/2 4s
2.5d 2D3/2 4373.5 237750 1.01E+09 
 
TW 
4 
 
537.150(14) 186168 537.1591(15) -0.0091 4s.4p2 2D3/2 4s.4p.(
1Po).5s 2Po3/2 104213.7 290378.3 5.66E+08 CF TW 
16 
 
537.338(7) 186103 537.3397(16) -0.0017 4s.4p2 2D3/2 4s.4p.(
1Po).5s 2Po1/2 104213.7 290315.7 2.74E+09 CF TW 
48 
 
538.583(14) 185673 538.5871(16) -0.0041 4s.4p2 2D5/2 4s.4p.(
1Po).5s 2Po3/2 104707.3 290378.3 3.57E+09 CF TW 
5 
 
551.095(14) 181457 551.1023(19) -0.0073 4s.4p2 2D3/2 4s
2.7p 2Po3/2 104213.7 285668.2 2.60E+08 CF TW 
12 
 
552.061(7) 181139 552.072(3) -0.011 4s.4p2 2D3/2 4s
2.7p 2Po1/2 104213.7 285349.5 1.40E+09 CF TW 
22 
 
552.593(7) 180965 552.6056(19) -0.0126 4s.4p2 2D5/2 4s
2.7p 2Po3/2 104707.3 285668.2 1.81E+09 CF TW 
2 
 
555.686(7) 179958 555.6926(19) -0.0066 4s.4p2 2D3/2 4s.4p.(
1Po).4d 2Po3/2 104213.7 284169.3 5.74E+08 CF TW 
5 
 
558.662(14) 178999 558.671(2) -0.009 4s.4p2 2D3/2 4s.4p.(
1Po).4d 2Do5/2 104213.7 283210 5.31E+09 CF TW 
16 
 
560.306(7) 178474 560.307(3) -0.001 4s.4p2 2D3/2 4s.4p.(
1Po).4d 2Fo5/2 104213.7 282687.3 1.47E+10 CF TW 
3 
 
563.099(14) 177589 563.115(2) -0.016 4s.4p2 2D5/2 4s.4p.(
1Po).4d 2Do3/2 104707.3 282290.9 2.22E+08 CF TW 
72 
 
563.665(7) 177410 563.674(3) -0.009 4s.4p2 2D5/2 4s.4p.(
1Po).4d 2Fo7/2 104707.3 282114.8 2.46E+10 CF TW 
3 
 
576.077(14) 173588 576.078(3) -0.001 4s.4p2 4P1/2 4s
2.6p 2Po3/2 79395.5 252983.2 9.55E+07 CF TW 
3 
 
581.941(14) 171839 581.947(3) -0.006 4s.4p2 4P3/2 4s
2.6p 2Po3/2 81146.3 252983.2 1.12E+08 
 
TW 
12 
 
590.336(14) 169395 590.330(3) 0.006 4s.4p2 4P5/2 4s
2.6p 2Po3/2 83586.5 252983.2 1.22E+07 CF TW 
72 
 
591.233(7) 169138 591.231(4) 0.002 4s.4p2 4P3/2 4s.4p.(
3Po).5s 4Po5/2 81146.3 250284.9 6.91E+09 
 
TW 
5 
 
593.466(14) 168502 593.474(4) -0.008 4s.4p2 4P3/2 4s.4p.(
3Po).4d 2Fo5/2 81146.3 249645.6 5.17E+08 
 
TW 
75 
 
595.827(7) 167834 595.831(3) -0.004 4s.4p2 4P1/2 4s.4p.(
3Po).5s 4Po3/2 79395.5 247228.3 5.24E+09 
 
TW 
12 
 
598.452(7) 167097.8 598.435(3) 0.017 4s.4p2 4P1/2 4s.4p.(
3Po).4d 2Do3/2 79395.5 246497.9 6.06E+08 
 
TW 
90 
 
599.890(7) 166697.2 599.886(5) 0.004 4s.4p2 4P5/2 4s.4p.(
3Po).5s 4Po5/2 83586.5 250284.9 1.42E+10 
 
TW 
45 
 
600.763(7) 166455 600.769(4) -0.006 4s.4p2 4P1/2 4s.4p.(
3Po).5s 4Po1/2 79395.5 245848.7 1.02E+09 
 
TW 
55 
 
602.107(7) 166083.4 602.112(3) -0.005 4s.4p2 4P3/2 4s.4p.(
3Po).5s 4Po3/2 81146.3 247228.3 1.09E+09 
 
TW 
1 
 
604.394(14) 165455 604.414(4) -0.02 4s.4p2 4P3/2 4s.4p.(
3Po).4d 2Do5/2 81146.3 246595.9 9.38E+08 
 
TW 
68 
 
607.155(7) 164702.6 607.156(4) -0.001 4s.4p2 4P3/2 4s.4p.(
3Po).5s 4Po1/2 81146.3 245848.7 3.48E+09 
 
TW 
98 
 
608.396(7) 164366.6 608.402(2) -0.006 4s.4p2 2D3/2 4s
2.5f 2Fo5/2 104213.7 268578.6 1.94E+10 
 
TW 
20 
 
610.226(7) 163873.7 610.235(2) -0.009 4s.4p2 2D5/2 4s
2.5f 2Fo5/2 104707.3 268578.6 1.09E+09 
 
TW 
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Iobs
a
       Char.
b
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c 
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-1
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d 
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e
 Å 
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-1
 Eupp cm
-1
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f
  S
-1
        Lin. Ref 
h
 
100 
 
611.076(20) 163646 611.077(2) -0.001 4s.4p2 2D5/2 4s
2.5f 2Fo7/2 104707.3 268352.8 2.63E+10 
 
TW 
100 
 
611.076(20) 163646 611.091(3) -0.015 4s.4p2 4P5/2 4s.4p.(
3Po).5s 4Po3/2 83586.5 247228.3 4.81E+09 
 
TW 
2 
 
612.455(14) 163277 612.461(3) -0.006 4s.4p2 2D3/2 4s.4p.(
3Po).4d 2Po3/2 104213.7 267489.3 4.10E+07 CF TW 
2 
 
613.836(14) 162910 613.831(3) 0.005 4s.4p2 4P5/2 4s.4p.(
3Po).4d 2Do3/2 83586.5 246497.9 4.34E+07 CF TW 
45 
 
618.833(7) 161594.5 618.837(2) -0.004 4s.4p2 2S1/2 4s.4p.(
1Po).5s 2Po3/2 128784.8 290378.3 5.13E+09 
 
TW 
16 
 
619.069(7) 161532.9 619.077(2) -0.008 4s.4p2 2S1/2 4s.4p.(
1Po).5s 2Po1/2 128784.8 290315.7 1.85E+09 
 
TW 
50 
 
623.777(7) 160313.7 623.795(4) -0.018 4s.4p2 4P1/2 4s.4p.(
3Po).4d 4Do3/2 79395.5 239704.6 2.26E+08 CF TW 
3 
 
624.220(14) 160200 624.222(3) -0.002 4s.4p2 4P1/2 4s.4p.(
3Po).4d 4Po1/2 79395.5 239594.9 3.48E+08 CF TW 
120 
 
630.686(7) 158557.5 630.683(4) 0.003 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Do3/2 81146.3 239704.6 3.77E+10 
 
TW 
90 
 
631.006(7) 158477.1 631.008(3) -0.002 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Do5/2 81146.3 239623 2.49E+10 
 
TW 
92 
 
631.115(7) 158449.7 631.119(3) -0.004 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Po1/2 81146.3 239594.9 2.78E+10 
 
TW 
140 
 
634.508(7) 157602.4 634.500(4) 0.008 4s.4p2 4P1/2 4s.4p.(
3Po).4d 4Do1/2 79395.5 237000 3.22E+10 
 
TW 
130 
 
635.811(7) 157279.4 635.816(3) -0.005 4s.4p2 4P1/2 4s.4p.(
3Po).4d 4Po3/2 79395.5 236673.7 4.76E+10 
 
TW 
150 
 
635.953(14) 157244 635.954(2) -0.001 4s2.4p 2Po1/2 4s
2.5s 2S1/2 0 157244.2 4.86E+09 
 
TW 
6 
 
637.413(14) 156884 637.416(3) -0.003 4s.4p2 2S1/2 4s
2.7p 2Po3/2 128784.8 285668.2 1.89E+09 
 
TW 
130 
 
640.550(7) 156115.8 640.541(4) 0.009 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Do3/2 83586.5 239704.6 2.15E+10 
 
TW 
160 
 
640.872(7) 156037.4 640.876(3) -0.004 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Do5/2 83586.5 239623 6.84E+10 
 
TW 
53 
 
641.635(7) 155851.8 641.627(4) 0.008 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Do1/2 81146.3 237000 1.47E+05 CF TW 
220 
 
642.710(7) 155591.2 642.709(4) 0.001 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Do7/2 83586.5 239177.9 1.31E+11 
 
TW 
98 
 
642.974(7) 155527.3 642.974(3) 0.0 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Po3/2 81146.3 236673.7 5.80E+09 
 
TW 
35 
 
643.563(7) 155384.9 643.565(3) -0.002 4s.4p2 2S1/2 4s.4p.(
1Po).4d 2Po3/2 128784.8 284169.3 9.67E+08 CF TW 
110 
 
644.795(7) 155088.1 644.799(4) -0.004 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Po5/2 81146.3 236233.4 6.31E+10 
 
TW 
68 
 
646.112(7) 154771.9 646.113(3) -0.001 4s.4p2 2S1/2 4s.4p.(
1Po).4d 2Po1/2 128784.8 283556.4 8.67E+09 
 
TW 
35 
 
648.345(7) 154238.9 648.330(2) 0.015 4s.4p2 2P1/2 4s.4p.(
1Po).5s 2Po3/2 136135.8 290378.3 3.17E+08 CF TW 
30 
 
648.594(7) 154179.7 648.593(2) 0.001 4s.4p2 2P1/2 4s.4p.(
1Po).5s 2Po1/2 136135.8 290315.7 9.33E+08 CF TW 
55 
 
650.227(7) 153792.4 650.234(3) -0.007 4s.4p2 2D3/2 4s.4p.(
3Po).5s 2Po3/2 104213.7 258004.5 8.79E+08 
 
TW 
28 
 
651.440(7) 153506.1 651.440(3) 0.0 4s.4p2 2S1/2 4s.4p.(
1Po).4d 2Do3/2 128784.8 282290.9 5.75E+09 
 
TW 
75 
 
652.324(7) 153298.1 652.328(3) -0.004 4s.4p2 2D5/2 4s.4p.(
3Po).5s 2Po3/2 104707.3 258004.5 7.69E+09 
 
TW 
900 
 
652.665(14) 153218 652.657(2) 0.008 4s2.4p 2Po1/2 4s
2.4d 2D3/2 0 153219.8 4.42E+10 
 
TW 
72 
 
653.222(7) 153087.3 653.222(4) 0.0 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Po3/2 83586.5 236673.7 3.73E+09 
 
TW 
500 
 
654.155(14) 152869 654.1476(17) 0.0074 4s2.4p 2Po3/2 4s
2.5s 2S1/2 4373.5 157244.2 8.94E+09 
 
TW 
80 
 
655.105(7) 152647.3 655.107(4) -0.002 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Po5/2 83586.5 236233.4 1.05E+10 
 
TW 
45 
 
657.711(7) 152042.5 657.720(3) -0.009 4s.4p2 2D3/2 4s
2.6p 2Po1/2 104213.7 256254.1 1.81E+09 
 
TW 
25 
 
657.816(7) 152018.2 657.810(2) 0.006 4s.4p2 2P3/2 4s.4p.(
1Po).5s 2Po3/2 138358.8 290378.3 1.59E+08 CF TW 
5 
 
658.084(14) 151956 658.081(2) 0.003 4s.4p2 2P3/2 4s.4p.(
1Po).5s 2Po1/2 138358.8 290315.7 4.37E+07 CF TW 
16 
 
668.756(7) 149531.4 668.751(3) 0.005 4s.4p2 2P1/2 4s
2.7p 2Po3/2 136135.8 285668.2 8.07E+07 CF TW 
Chapter -5 
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900 
 
670.076(14) 149237 670.0859(17) -0.0099 4s2.4p 2Po3/2 4s
2.4d 2D5/2 4373.5 153608.1 7.50E+10 
 
TW 
300 
 
671.828(14) 148848 671.8340(18) -0.006 4s2.4p 2Po3/2 4s
2.4d 2D3/2 4373.5 153219.8 9.42E+09 
 
TW 
70 
 
672.183(7) 148769 672.181(3) 0.002 4s.4p2 2D3/2 4s
2.6p 2Po3/2 104213.7 252983.2 1.80E+09 
 
TW 
10 
 
673.085(7) 148569.6 673.0857(20) -0.0007 4s.4p2 4P3/2 4s
2.4f 2Fo5/2 81146.3 229715.8 3.06E+07 
 
TW 
110 
 
674.432(14) 148273 674.418(3) 0.014 4s.4p2 2D5/2 4s
2.6p 2Po3/2 104707.3 252983.2 1.10E+10 
 
TW 
120 
 
674.571(7) 148242.3 674.571(7) 0.0 4s.4p2 2D5/2 4s.4p.(
3Po).4d 2Fo7/2 104707.3 252949.6 6.87E+10 
 
TW 
15 
 
675.527(7) 148032.6 675.523(3) 0.004 4s.4p2 2P1/2 4s.4p.(
1Po).4d 2Po3/2 136135.8 284169.3 2.96E+09 CF TW 
55 
 
678.110(7) 147468.7 678.113(2) -0.003 4s.4p2 4P1/2 4p
3 2Po3/2 79395.5 226863.6 2.92E+08 
 
TW 
60 
 
678.334(7) 147420 678.331(3) 0.003 4s.4p2 2P1/2 4s.4p.(
1Po).4d 2Po1/2 136135.8 283556.4 1.36E+10 
 
TW 
28 
 
678.459(7) 147392.8 678.455(3) 0.004 4s.4p2 2D3/2 4s.4p.(
3Po).5s 2Po1/2 104213.7 251607.4 8.45E+09 
 
TW 
100 
 
678.853(7) 147307.3 678.843(3) 0.01 4s.4p2 2P3/2 4s
2.7p 2Po3/2 138358.8 285668.2 4.41E+05 CF TW 
80 
 
684.203(7) 146155.5 684.205(3) -0.002 4s.4p2 2P1/2 4s.4p.(
1Po).4d 2Do3/2 136135.8 282290.9 6.62E+10 
 
TW 
3 
 
684.323(14) 146130 684.325(2) -0.002 4s.4p2 4P5/2 4s
2.4f 2Fo5/2 83586.5 229715.8 1.41E+07 
 
TW 
32 
 
684.457(7) 146101.2 684.463(2) -0.006 4s.4p2 4P5/2 4s
2.4f 2Fo7/2 83586.5 229686.5 3.32E+08 
 
TW 
90 
 
685.820(7) 145810.9 685.822(3) -0.002 4s.4p2 2P3/2 4s.4p.(
1Po).4d 2Po3/2 138358.8 284169.3 5.82E+10 
 
TW 
28 
 
686.262(7) 145716.9 686.260(2) 0.002 4s.4p2 4P3/2 4p
3 2Po3/2 81146.3 226863.6 3.37E+08 
 
TW 
6 
 
686.901(14) 145581 686.919(6) -0.018 4s.4p2 2D5/2 4s.4p.(
3Po).5s 4Po5/2 104707.3 250284.9 2.47E+08 
 
TW 
95 
 
687.607(7) 145431.9 687.607(5) 0.0 4s.4p2 2D3/2 4s.4p.(
3Po).4d 2Fo5/2 104213.7 249645.6 3.29E+10 
 
TW 
4 
 
687.784(14) 145394 687.793(2) -0.009 4s.4p2 4P3/2 4p
3 2Po1/2 81146.3 226538.9 6.69E+06 CF TW 
68 
 
688.713(7) 145198.4 688.717(3) -0.004 4s.4p2 2P3/2 4s.4p.(
1Po).4d 2Po1/2 138358.8 283556.4 1.08E+10 
 
TW 
95 
 
689.950(7) 144938 689.949(5) 0.001 4s.4p2 2D5/2 4s.4p.(
3Po).4d 2Fo5/2 104707.3 249645.6 1.57E+10 
 
TW 
87 
 
690.358(7) 144852.4 690.364(4) -0.006 4s.4p2 2P3/2 4s.4p.(
1Po).4d 2Do5/2 138358.8 283210 8.58E+10 
 
TW 
32 
 
694.767(7) 143933.1 694.772(3) -0.005 4s.4p2 2P3/2 4s.4p.(
1Po).4d 2Do3/2 138358.8 282290.9 5.33E+09 
 
TW 
38 
 
697.293(7) 143411.7 697.299(2) -0.006 4s.4p2 4P1/2 4s.4p.(
3Po).4d 4Fo3/2 79395.5 222805.9 5.81E+07 
 
TW 
38 
 
697.947(7) 143277.4 697.948(2) -0.001 4s.4p2 4P5/2 4p
3 2Po3/2 83586.5 226863.6 1.95E+08 CF TW 
22 
 
699.234(7) 143013.6 699.229(4) 0.005 4s.4p2 2D3/2 4s.4p.(
3Po).5s 4Po3/2 104213.7 247228.3 9.60E+07 CF TW 
60 
 
701.392(7) 142573.6 701.398(3) -0.006 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Fo5/2 81146.3 223718.8 3.86E+08 
 
TW 
60 
 
701.655(7) 142520.2 701.651(4) 0.004 4s.4p2 2D5/2 4s.4p.(
3Po).5s 4Po3/2 104707.3 247228.3 7.61E+08 
 
TW 
75 
 
702.335(7) 142382.2 702.335(5) 0.0 4s.4p2 2D3/2 4s.4p.(
3Po).4d 2Do5/2 104213.7 246595.9 1.60E+10 
 
TW 
95 
 
702.826(14) 142283 702.819(3) 0.007 4s.4p2 2D3/2 4s.4p.(
3Po).4d 2Do3/2 104213.7 246497.9 4.26E+10 
 
TW 
68 
 
704.782(7) 141887.8 704.778(5) 0.004 4s.4p2 2D5/2 4s.4p.(
3Po).4d 2Do5/2 104707.3 246595.9 5.48E+10 
 
TW 
170 
 
705.268(7) 141790.1 705.265(4) 0.003 4s.4p2 2D5/2 4s.4p.(
3Po).4d 2Do3/2 104707.3 246497.9 4.34E+09 
 
TW 
40 
 
705.909(7) 141661.3 705.918(2) -0.009 4s.4p2 4P3/2 4s.4p.(
3Po).4d 4Fo3/2 81146.3 222805.9 9.64E+07 
 
TW 
25 
 
706.045(7) 141634 706.040(5) 0.005 4s.4p2 2D3/2 4s.4p.(
3Po).5s 4Po1/2 104213.7 245848.7 1.31E+08 
 
TW 
72 
 
706.748(7) 141493.1 706.745(3) 0.003 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Fo7/2 83586.5 225080.2 9.31E+08 
 
TW 
55 
 
713.603(7) 140133.9 713.611(3) -0.008 4s.4p2 4P5/2 4s.4p.(
3Po).4d 4Fo5/2 83586.5 223718.8 1.54E+08 
 
TW 
Chapter -5 
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95 
 
716.667(7) 139534.8 716.667(4) 0.0 4s.4p2 2S1/2 4s.4p.(
3Po).4d 2Po1/2 128784.8 268319.6 1.42E+10 
 
TW 
100 
 
720.959(7) 138704.1 720.957(4) 0.002 4s.4p2 2S1/2 4s.4p.(
3Po).4d 2Po3/2 128784.8 267489.3 5.50E+10 
 
TW 
300 
 
722.756(14) 138359 722.759(3) -0.003 4s2.4p 2Po1/2 4s.4p
2 2P3/2 0 138358.8 7.78E+09 
 
TW 
11 
 
729.083(7) 137158.6 729.084(3) -0.001 4s2.4d 2D3/2 4s.4p.(
1Po).5s 2Po3/2 153219.8 290378.3 1.19E+09 
 
TW 
32 
 
729.415(7) 137096.2 729.416(3) -0.001 4s2.4d 2D3/2 4s.4p.(
1Po).5s 2Po1/2 153219.8 290315.7 5.05E+09 
 
TW 
65 
 
731.160(14) 136769 731.153(3) 0.007 4s2.4d 2D5/2 4s.4p.(
1Po).5s 2Po3/2 153608.1 290378.3 8.81E+09 
 
TW 
400 
 
734.553(14) 136137 734.561(3) -0.008 4s2.4p 2Po1/2 4s.4p
2 2P1/2 0 136135.8 7.30E+09 
 
TW 
12 
 
738.504(7) 135408.9 738.502(4) 0.002 4s.4p2 2D3/2 4s.4p.(
3Po).4d 4Do5/2 104213.7 239623 2.40E+07 CF TW 
3 
 
738.649(14) 135382 738.655(3) -0.006 4s.4p2 2D3/2 4s.4p.(
3Po).4d 4Po1/2 104213.7 239594.9 8.23E+06 
 
TW 
8 
 
740.767(14) 134995 740.756(5) 0.011 4s.4p2 2D5/2 4s.4p.(
3Po).4d 4Do3/2 104707.3 239704.6 7.11E+07 
 
TW 
3 
 
741.219(14) 134913 741.204(5) 0.015 4s.4p2 2D5/2 4s.4p.(
3Po).4d 4Do5/2 104707.3 239623 8.10E+07 CF TW 
47 
 
743.656(7) 134470.8 743.657(6) -0.001 4s.4p2 2D5/2 4s.4p.(
3Po).4d 4Do7/2 104707.3 239177.9 4.43E+08 
 
TW 
999 
 
746.348(14) 133986 746.351(2) -0.003 4s2.4p 2Po3/2 4s.4p
2 2P3/2 4373.5 138358.8 3.42E+10 
 
TW 
75 
 
751.130(7) 133132.7 751.122(3) 0.008 4s2.5s 2S1/2 4s.4p.(
1Po).5s 2Po3/2 157244.2 290378.3 1.79E+10 
 
TW 
72 
 
751.474(7) 133071.8 751.476(3) -0.002 4s2.5s 2S1/2 4s.4p.(
1Po).5s 2Po1/2 157244.2 290315.7 9.14E+09 
 
TW 
33 
 
754.948(7) 132459.5 754.945(4) 0.003 4s.4p2 2D3/2 4s.4p.(
3Po).4d 4Po3/2 104213.7 236673.7 2.60E+08 
 
TW 
33 
 
755.018(7) 132447.2 755.011(3) 0.007 4s2.4d 2D3/2 4s
2.7p 2Po3/2 153219.8 285668.2 3.67E+08 
 
TW 
100 
 
756.523(7) 132183.7 756.522(4) 0.001 4s.4p2 2P1/2 4s.4p.(
3Po).4d 2Po1/2 136135.8 268319.6 1.45E+10 
 
TW 
18 
 
756.835(7) 132129.2 756.832(5) 0.003 4s2.4d 2D3/2 4s
2.7p 2Po1/2 153219.8 285349.5 1.16E+09 
 
TW 
67 
 
757.22(7) 132062 757.231(3) -0.011 4s2.4d 2D5/2 4s
2.7p 2Po3/2 153608.1 285668.2 1.89E+09 
 
TW 
999 
 
758.934(14) 131764 758.942(3) -0.008 4s2.4p 2Po3/2 4s.4p
2 2P1/2 4373.5 136135.8 1.09E+10 
 
TW 
68 
 
760.310(7) 131525.3 760.305(5) 0.005 4s.4p2 2D5/2 4s.4p.(
3Po).4d 4Po5/2 104707.3 236233.4 6.24E+08 
 
TW 
4 
 
761.309(14) 131353 761.304(5) 0.005 4s.4p2 2P1/2 4s.4p.(
3Po).4d 2Po3/2 136135.8 267489.3 8.35E+08 CF TW 
78 
 
763.654(7) 130949.4 763.653(4) 0.001 4s2.4d 2D3/2 4s.4p.(
1Po).4d 2Po3/2 153219.8 284169.3 6.74E+09 
 
TW 
70 
 
765.926(7) 130560.9 765.924(4) 0.002 4s2.4d 2D5/2 4s.4p.(
1Po).4d 2Po3/2 153608.1 284169.3 1.54E+10 
 
TW 
100 
 
767.245(7) 130336.5 767.244(4) 0.001 4s2.4d 2D3/2 4s.4p.(
1Po).4d 2Po1/2 153219.8 283556.4 1.00E+10 
 
TW 
45 
 
769.292(7) 129989.7 769.289(4) 0.003 4s2.4d 2D3/2 4s.4p.(
1Po).4d 2Do5/2 153219.8 283210 9.42E+09 
 
TW 
60 
 
769.458(7) 129961.6 769.463(4) -0.005 4s.4p2 2P3/2 4s.4p.(
3Po).4d 2Po1/2 138358.8 268319.6 1.62E+09 
 
TW 
120 
 
771.596(7) 129601.5 771.594(4) 0.002 4s2.4d 2D5/2 4s.4p.(
1Po).4d 2Do5/2 153608.1 283210 3.38E+10 
 
TW 
120 
 
772.261(7) 129489.9 772.245(3) 0.016 4s.4p2 4P1/2 4p
3 4So3/2 79395.5 208888.1 7.26E+09 
 
TW 
65 
 
772.395(7) 129467.4 772.395(6) 0.0 4s2.4d 2D3/2 4s.4p.(
1Po).4d 2Fo5/2 153219.8 282687.3 5.39E+10 
 
TW 
20 
 
773.881(7) 129218.8 773.876(4) 0.005 4s.4p2 2S1/2 4s.4p.(
3Po).5s 2Po3/2 128784.8 258004.5 1.69E+08 CF TW 
130 
 
774.409(7) 129130.7 774.410(5) -0.001 4s.4p2 2P3/2 4s.4p.(
3Po).4d 2Po3/2 138358.8 267489.3 8.07E+09 
 
TW 
93 
 
774.769(14) 129071 774.767(4) 0.002 4s2.4d 2D3/2 4s.4p.(
1Po).4d 2Do3/2 153219.8 282290.9 1.54E+10 
 
TW 
999 
 
776.485(14) 128785 776.489(4) -0.004 4s2.4p 2Po1/2 4s.4p
2 2S1/2 0 128784.8 9.01E+09 
 
TW 
100 
 
777.111(7) 128681.7 777.105(4) 0.006 4s2.4d 2D5/2 4s.4p.(
1Po).4d 2Do3/2 153608.1 282290.9 6.52E+09 
 
TW 
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350 
 
778.174(7) 128506 778.170(6) 0.004 4s2.4d 2D5/2 4s.4p.(
1Po).4d 2Fo7/2 153608.1 282114.8 8.60E+10 
 
TW 
150 
 
778.672(7) 128423.8 778.671(4) 0.001 4s2.5s 2S1/2 4s
2.7p 2Po3/2 157244.2 285668.2 6.09E+09 
 
TW 
100 
 
780.610(7) 128104.9 780.608(5) 0.002 4s2.5s 2S1/2 4s
2.7p 2Po1/2 157244.2 285349.5 3.09E+09 
 
TW 
250 
 
782.840(7) 127740 782.829(3) 0.011 4s.4p2 4P3/2 4p
3 4So3/2 81146.3 208888.1 1.41E+10 
 
TW 
16 
 
784.490(7) 127471.4 784.503(4) -0.013 4s.4p2 2S1/2 4s
2.6p 2Po1/2 128784.8 256254.1 3.07E+08 CF TW 
3 
 
787.8650(14) 126925 787.866(4) -0.001 4s2.5s 2S1/2 4s.4p.(
1Po).4d 2Po3/2 157244.2 284169.3 5.27E+09 
 
TW 
7 
 
791.695(14) 126311 791.689(5) 0.006 4s2.5s 2S1/2 4s.4p.(
1Po).4d 2Po1/2 157244.2 283556.4 2.48E+09 
 
TW 
130 
 
796.806(7) 125501.1 796.799(2) 0.007 4s.4p2 2D3/2 4s
2.4f 2Fo5/2 104213.7 229715.8 8.32E+09 
 
TW 
230 
 
798.094(14) 125299 798.074(3) 0.02 4s.4p2 4P5/2 4p
3 4So3/2 83586.5 208888.1 2.00E+10 
 
TW 
70 
 
799.952(7) 125007.5 799.946(3) 0.006 4s.4p2 2D5/2 4s
2.4f 2Fo5/2 104707.3 229715.8 6.72E+08 
 
TW 
180 
 
800.137(7) 124978.6 800.133(3) 0.004 4s.4p2 2D5/2 4s
2.4f 2Fo7/2 104707.3 229686.5 1.23E+10 
 
TW 
50 
 
803.094(7) 124518.4 803.091(3) 0.003 4s.4p2 4P1/2 4p
3 2Do3/2 79395.5 203914.4 6.79E+07 
 
TW 
200 
 
803.786(7) 124411.2 803.786(3) 0.0 4s2.4p 2Po3/2 4s.4p
2 2S1/2 4373.5 128784.8 7.26E+08 CF TW 
2 
 
805.186(14) 124195 805.163(5) 0.023 4s.4p2 2S1/2 4s
2.6p 2Po3/2 128784.8 252983.2 1.28E+07 CF TW 
8 
 
809.585(14) 123520 809.582(3) 0.003 4s.4p2 4P3/2 4p
3 2Do5/2 81146.3 204666.9 5.00E+06 CF TW 
70 
 
814.199(7) 122820.1 814.182(4) 0.017 4s.4p2 2S1/2 4s.4p.(
3Po).5s 2Po1/2 128784.8 251607.4 5.76E+08 CF TW 
35 
 
814.549(7) 122767.3 814.544(3) 0.005 4s.4p2 4P3/2 4p
3 2Do3/2 81146.3 203914.4 5.06E+07 
 
TW 
90 
 
815.340(7) 122648.2 815.329(2) 0.011 4s.4p2 2D3/2 4p
3 2Po3/2 104213.7 226863.6 1.09E+09 
 
TW 
100 
 
817.494(7) 122325.1 817.493(3) 0.001 4s.4p2 2D3/2 4p
3 2Po1/2 104213.7 226538.9 6.51E+09 
 
TW 
120 
 
818.630(7) 122155.3 818.623(3) 0.007 4s.4p2 2D5/2 4p
3 2Po3/2 104707.3 226863.6 1.10E+10 
 
TW 
45 
 
820.559(7) 121868.1 820.555(4) 0.004 4s.4p2 2P1/2 4s.4p.(
3Po).5s 2Po3/2 136135.8 258004.5 5.82E+08 CF TW 
45 
 
825.897(7) 121080.5 825.898(3) -0.001 4s.4p2 4P5/2 4p
3 2Do5/2 83586.5 204666.9 3.00E+07 CF TW 
95 
 
830.765(7) 120371 830.752(4) 0.013 4s.4p2 2D5/2 4s.4p.(
3Po).4d 4Fo7/2 104707.3 225080.2 1.90E+08 
 
TW 
70 
 
831.062(7) 120328 831.062(3) 0.0 4s.4p2 4P5/2 4p
3 2Do3/2 83586.5 203914.4 1.87E+08 
 
TW 
90 b 832.538(14) 120115 832.513(5) 0.025 4s.4p2 2P1/2 4s
2.6p 2Po1/2 136135.8 256254.1 4.40E+08 
 
TW 
100 
 
835.799(7) 119646 835.801(4) -0.002 4s.4p2 2P3/2 4s.4p.(
3Po).5s 2Po3/2 138358.8 258004.5 3.01E+09 
 
TW 
37 
 
836.781(7) 119505.6 836.784(3) -0.003 4s.4p2 2D3/2 4s.4p.(
3Po).4d 4Fo5/2 104213.7 223718.8 3.49E+07 CF TW 
85 
 
840.265(7) 119010.1 840.255(3) 0.01 4s.4p2 2D5/2 4s.4p.(
3Po).4d 4Fo5/2 104707.3 223718.8 1.21E+08 
 
TW 
60 
 
843.235(7) 118590.9 843.226(3) 0.009 4s.4p2 2D3/2 4s.4p.(
3Po).4d 4Fo3/2 104213.7 222805.9 9.28E+07 
 
TW 
13 
 
848.220(7) 117893.9 848.210(5) 0.01 4s.4p2 2P3/2 4s
2.6p 2Po1/2 138358.8 256254.1 2.93E+08 
 
TW 
30 b 849.528(14) 117712.4 849.523(5) 0.005 4s.4p2 2S1/2 4s.4p.(
3Po).4d 2Do3/2 128784.8 246497.9 1.09E+09 CF TW 
42 
 
866.001(7) 115473.3 866.014(5) -0.013 4s.4p2 2P1/2 4s.4p.(
3Po).5s 2Po1/2 136135.8 251607.4 6.97E+08 
 
TW 
50 
 
871.494(7) 114745.5 871.500(4) -0.006 4s2.4d 2D5/2 4s
2.5f 2Fo7/2 153608.1 268352.8 1.62E+10 
 
TW 
22 
 
872.407(7) 114625.4 872.415(5) -0.008 4s.4p2 2P3/2 4s
2.6p 2Po3/2 138358.8 252983.2 1.87E+09 
 
TW 
22 b 900.304(16) 111073.6 900.289(6) 0.015 4s2.5s 2S1/2 4s.4p.(
3Po).4d 2Po1/2 157244.2 268319.6 5.85E+07 
 
TW 
40 
 
924.721(8) 108140.7 924.735(6) -0.014 4s.4p2 2P3/2 4s.4p.(
3Po).4d 2Do3/2 138358.8 246497.9 5.29E+08 CF TW 
Chapter -5 
 
160 
 
Iobs
a
       Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
        Lin. Ref 
h
 
100 
 
959.560(8) 104214.4 959.567(5) -0.007 4s2.4p 2Po1/2 4s.4p
2 2D3/2 0 104213.7 2.10E+09 
 
TW 
15 
 
995.474(8) 100454.7 995.488(3) -0.014 4s.4p2 2D3/2 4p
3 2Do5/2 104213.7 204666.9 2.57E+08 CF TW 
100 
 
996.676(16) 100333.5 996.673(4) 0.003 4s2.4p 2Po3/2 4s.4p
2 2D5/2 4373.5 104707.3 2.85E+09 
 
TW 
70 
 
1000.388(8) 99961.2 1000.404(4) -0.016 4s.4p2 2D5/2 4p
3 2Do5/2 104707.3 204666.9 3.39E+09 
 
TW 
75 
 
1001.600(8) 99840.3 1001.601(4) -0.001 4s2.4p 2Po3/2 4s.4p
2 2D3/2 4373.5 104213.7 1.18E+08 CF TW 
4 
 
1002.985(18) 99702.4 1003.002(4) -0.017 4s.4p2 2D3/2 4p
3 2Do3/2 104213.7 203914.4 1.08E+07 CF TW 
40 
 
1007.976(8) 99208.7 1007.992(4) -0.016 4s.4p2 2D5/2 4p
3 2Do3/2 104707.3 203914.4 7.19E+08 
 
TW 
8 
 
1016.374(16) 98389 1016.388(7) -0.014 4s2.4d 2D3/2 4s.4p.(
3Po).5s 2Po1/2 153219.8 251607.4 1.75E+08 CF TW 
15 
 
1019.600(8) 98077.7 1019.588(4) 0.012 4s.4p2 2S1/2 4p
3 2Po3/2 128784.8 226863.6 6.60E+08 CF TW 
10 
 
1022.967(8) 97754.9 1022.975(4) -0.008 4s.4p2 2S1/2 4p
3 2Po1/2 128784.8 226538.9 6.32E+06 CF TW 
20 
 
1106.159(8) 90402.9 1106.157(5) 0.002 4s.4p2 2P1/2 4p
3 2Po1/2 136135.8 226538.9 9.19E+08 CF TW 
130 
 
1129.889(8) 88504.3 1129.882(5) 0.007 4s.4p2 2P3/2 4p
3 2Po3/2 138358.8 226863.6 1.56E+09 CF TW 
60 b 1134.016(16) 88182.2 1134.043(5) -0.027 4s.4p2 2P3/2 4p
3 2Po1/2 138358.8 226538.9 2.27E+08 CF TW 
95 
 
1150.753(8) 86899.6 1150.752(4) 0.001 4s.4p2 2D3/2 4s
2.5p 2Po3/2 104213.7 191113.4 1.09E+08 
 
TW 
16 
 
1153.787(8) 86671.1 1153.800(6) -0.013 4s.4p2 2P1/2 4s.4p.(
3Po).4d 4Fo3/2 136135.8 222805.9 6.72E+05 CF TW 
160 
 
1157.340(30) 86405 1157.325(6) 0.015 4s.4p2 2D5/2 4s
2.5p 2Po3/2 104707.3 191113.4 8.95E+08 
 
TW 
160 
 
1157.340(30) 86405 1157.365(11) -0.025 4s2.4d 2D3/2 4s.4p.(
3Po).4d 4Do5/2 153219.8 239623 1.05E+07 
 
TW 
55 
 
1166.821(8) 85702.9 1166.825(4) -0.004 4s.4p2 2D3/2 4s
2.5p 2Po1/2 104213.7 189916.4 4.92E+08 
 
TW 
34 b 1193.576(16) 83781.8 1193.599(12) -0.023 4s2.4d 2D3/2 4s.4p.(
3Po).4d 4Do1/2 153219.8 237000 7.29E+06 
 
TW 
75 
 
1214.321(8) 82350.5 1214.319(7) 0.002 4s2.5s 2S1/2 4s.4p.(
3Po).4d 4Po1/2 157244.2 239594.9 1.98E+05 
 
TW 
8 
 
1232.355(16) 81145.4 1232.342(9) 0.013 4s2.4p 2Po1/2 4s.4p
2 4P3/2 0 81146.3 2.27E+05 CF TW 
100 
 
1259.517(16) 79395.5 1259.517(9) 0.0 4s2.4p 2Po1/2 4s.4p
2 4P1/2 0 79395.5 6.45E+06 
 
TW 
200 
 
1262.419(8) 79213 1262.419(6) 0.0 4s2.4p 2Po3/2 4s.4p
2 4P5/2 4373.5 83586.5 1.83E+07 
 
TW 
110 
 
1302.539(8) 76773.1 1302.545(6) -0.006 4s2.4p 2Po3/2 4s.4p
2 4P3/2 4373.5 81146.3 3.87E+06 
 
TW 
400 
 
1307.252(8) 76496.3 1307.258(6) -0.006 4s2.4d 2D3/2 4s
2.4f 2Fo5/2 153219.8 229715.8 8.25E+09 
 
TW 
65 
 
1313.925(8) 76107.8 1313.928(6) -0.003 4s2.4d 2D5/2 4s
2.4f 2Fo5/2 153608.1 229715.8 5.84E+08 
 
TW 
350 
 
1314.435(8) 76078.3 1314.434(6) 0.001 4s2.4d 2D5/2 4s
2.4f 2Fo7/2 153608.1 229686.5 1.16E+10 
 
TW 
18 
 
1331.029(8) 75129.8 1331.033(6) -0.004 4s.4p2 2S1/2 4p
3 2Do3/2 128784.8 203914.4 1.85E+08 CF TW 
75 
 
1332.946(8) 75021.8 1332.942(6) 0.004 4s2.4p 2Po3/2 4s.4p
2 4P1/2 4373.5 79395.5 2.73E+06 
 
TW 
10 
 
1382.567(16) 72329.2 1382.539(8) 0.028 4p3 2Do5/2 4s
2.6d 2D3/2 204666.9 276997.6 3.07E+08 
 
TW 
12 
 
1436.363(8) 69620.3 1436.381(6) -0.018 4s2.5s 2S1/2 4p
3 2Po3/2 157244.2 226863.6 1.25E+07 CF TW 
5 
 
1443.133(16) 69293.7 1443.112(8) 0.021 4s2.5s 2S1/2 4p
3 2Po1/2 157244.2 226538.9 5.34E+06 CF TW 
150 
 
1508.120(8) 66307.7 1508.111(6) 0.009 4s.4p2 2P3/2 4p
3 2Do5/2 138358.8 204666.9 7.80E+08 CF TW 
10 
 
1525.425(16) 65555.5 1525.423(8) 0.002 4s.4p2 2P3/2 4p
3 2Do3/2 138358.8 203914.4 3.36E+07 CF TW 
10 
 
1808.965(8) 55280.2 1808.973(7) -0.008 4s2.4d 2D5/2 4p
3 4So3/2 153608.1 208888.1 1.38E+05 CF TW 
8 
 
1842.873(16) 54263.1 1842.890(15) -0.017 4s.4p.(3Po).4d 4Fo3/2 4s
2.6d 2D5/2 222805.9 277068.5 1.87E+06 
 
TW 
Chapter -5 
161 
 
Iobs
a
       Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å 
 
Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
        Lin. Ref 
h
 
65 
 
1845.294(16) 54191.9 1845.301(13) -0.007 4s.4p.(3Po).4d 4Fo3/2 4s
2.6d 2D3/2 222805.9 276997.6 1.11E+07 
 
TW 
8 
 
1876.914(16) 53278.9 1876.919(13) -0.005 4s.4p.(3Po).4d 4Fo5/2 4s
2.6d 2D3/2 223718.8 276997.6 5.03E+07 
 
TW 
2 
 
1900.129(16) 52628 1900.118(13) 0.011 4s2.5d 2D3/2 4s.4p.(
1Po).5s 2Po3/2 237750 290378.3 1.95E+07 
 
TW 
1 
 
1902.387(16) 52565.5 1902.381(14) 0.006 4s2.5d 2D3/2 4s.4p.(
1Po).5s 2Po1/2 237750 290315.7 1.03E+08 
 
TW 
4 
 
1905.523(16) 52479 1905.553(13) -0.03 4s2.5d 2D5/2 4s.4p.(
1Po).5s 2Po3/2 237900.1 290378.3 1.74E+08 
 
TW 
3 
 
1923.527(16) 51987.8 1923.510(15) 0.017 4s.4p.(3Po).4d 4Fo7/2 4s
2.6d 2D5/2 225080.2 277068.5 1.70E+08 
 
TW 
70 
 
1936.334(16) 51644 1936.337(11) 0.003 4s2.5s 2S1/2 4p
3 4So3/2 157244.2 208888.1 1.68E+05 CF TW 
3 
 
1958.557(16) 51058 1958.526(11) 0.031 4s2.4d 2D5/2 4p
3 2Do5/2 153608.1 204666.9 3.99E+06 CF TW 
52 
 
1967.113(8) 50835.9 1967.113(7) 0.0 4s2.5p 2Po1/2 4s
2.6s 2S1/2 189916.4 240752.3 9.27E+08 
 
TW 
2 
 
1972.620(16) 50694 1972.597(12) 0.023 4s2.4d 2D3/2 4p
3 2Do3/2 153219.8 203914.4 2.93E+06 CF TW 
2 
 
1981.811(18) 50458.9 1981.819(14) -0.008 4p3 2Po1/2 4s
2.6d 2D3/2 226538.9 276997.6 1.04E+06 CF TW 
100 
 
2014.550(8) 49638.88 2014.551(7) -0.001 4s2.5p 2Po3/2 4s
2.6s 2S1/2 191113.4 240752.3 1.72E+09 
 
TW 
280 
 
2165.980(30) 46168.5 2165.980(30) 0.0 4s2.4f 2Fo7/2 4s
2.5g 2G9/2 229686.5 275855 1.23E+10 
 
TW 
280 
 
2165.980(30) 46168.5 2165.970(20) 0.1 4s2.4f 2Fo7/2 4s
2.5g 2G7/2 229686.5 275855.1 3.50E+08 
 
TW 
220 
 
2167.350(20) 46139.3 2167.350(18) 0.0 4s2.4f 2Fo5/2 4s
2.5g 2G7/2 229715.8 275855.1 9.52E+09 
 
TW 
500 
 
2638.15(5) 37894.1 2638.18(2) -0.03 4s2.4d 2D3/2 4s
2.5p 2Po3/2 153219.8 191113.4 7.68E+05 CF SG 
1500 
 
2665.48(5) 37505.5 2665.49(2) -0.01 4s2.4d 2D5/2 4s
2.5p 2Po3/2 153608.1 191113.4 9.57E+08 
 
SG 
1000 
 
2724.22(5) 36696.9 2724.24(3) -0.02 4s2.4d 2D3/2 4s
2.5p 2Po1/2 153219.8 189916.4 4.94E+08 
 
SG 
2000 
 
2951.68(5) 33869.1 2951.67(3) 0.01 4s2.5s 2S1/2 4s
2.5p 2Po3/2 157244.2 191113.4 1.10E+09 
 
SG 
2000 
 
3059.85(5) 32671.8 3059.82(3) 0.03 4s2.5s 2S1/2 4s
2.5p 2Po1/2 157244.2 189916.4 4.97E+08 
 
SG 
120 
 
3242.75(5) 30829.1 3242.81(4) -0.06 4s2.5d 2D3/2 4s
2.5f 2Fo5/2 237750 268578.6 1.91E+09 
 
SG 
5 
 
3258.75(5) 30677.8 3258.67(4) 0.08 4s2.5d 2D5/2 4s
2.5f 2Fo5/2 237900.1 268578.6 1.35E+08 
 
SG 
300 
 
3282.86(5) 30452.5 3282.84(5) 0.02 4s2.5d 2D5/2 4s
2.5f 2Fo7/2 237900.1 268352.8 2.58E+09 
 
SG 
50 
 
3880.51(5) 25762.5 3880.51(5) 0.0 4s2.6p 2Po3/2 4s
2.7s 2S1/2 252983.2 278745.7 2.89E+08 
 
SG 
Chapter -5 
 
162 
 
Table 5-3: Optimized energy levels of Se IV 
Configuration Term J 
Energy
 a
 
cm
−1
  
Unc.
 b
 
cm
−1
 
Leading percentages 
c
 
ΔEo−c
 d
 
cm
−1
 
No. of 
lines
 e
 
        
 
4s
2
.4p 
2
P
o
 0.5 0 C 0 98 
   
8.4 12 
4s
2
.4p 
2
P
o
 1.5 4373.5 C 0.6 98 
   
-6.9 16 
4s.4p
2
 
4
P 0.5 79395.5 C 0.6 99 
   
14.9 14 
4s.4p
2
 
4
P 1.5 81146.3 R 0.6 100 
   
-11 22 
4s.4p
2
 
4
P 2.5 83586.5 C 0.6 99 
   
-4.7 18 
4s.4p
2
 
2
D 1.5 104213.7 C 0.5 89 9 4s
2
.4d 
2
D -67.3 32 
4s.4p
2
 
2
D 2.5 104707.3 C 0.6 88 9 4s
2
.4d 
2
D 68 26 
4s.4p
2
 
2
S 0.5 128784.8 C 0.6 80 19 4s.4p
2
 
2
P -0.2 18 
4s.4p
2
 
2
P 0.5 136135.8 C 0.6 78 19 4s.4p
2
 
2
S -0.2 15 
4s.4p
2
 
2
P 1.5 138358.8 C 0.6 97 2 4p
2
.4d 
2
P 0.3 19 
4s
2
.4d 
2
D 1.5 153219.8 C 0.6 88 9 4s.4p
2
 
2
D 0.3 18 
4s
2
.4d 
2
D 2.5 153608.1 C 0.6 88 9 4s.4p
2
 
2
D -0.3 13 
4s
2
.5s 
2
S 0.5 157244.2 C 0.6 97 2 4p
2
.5s 
2
S 0 15 
4s
2
.5p 
2
P
o
 0.5 189916.4 C 0.6 97 
   
-2.2 4 
4s
2
.5p 
2
P
o
 1.5 191113.4 C 0.6 97 
   
6.4 6 
4p
3
 
2
D
o
 1.5 203914.4 R 0.6 64 32 4s.4p.(
3
P
o
).4d 
2
D
o
 1.8 8 
4p
3
 
2
D
o
 2.5 204666.9 R 0.6 66 33 4s.4p.(
3
P
o
).4d 
2
D
o
 -56 7 
4p
3
 
4
S
o
 1.5 208888.1 R 0.6 97 2 4p
3
 
2
P
o
 -0.5 5 
4s.4p.(
3
P
o
).4d 
4
F
o
 1.5 222805.9 N 0.6 99 
   
-9.7 6 
4s.4p.(
3
P
o
).4d 
4
F
o
 2.5 223718.8 N 0.7 98 
   
9.7 5 
4s.4p.(
3
P
o
).4d 
4
F
o
 3.5 225080.2 N 0.8 98 
   
42.5 3 
4p
3
 
2
P
o
 0.5 226538.9 C 0.6 73 20 4s.4p.(
3
P
o
).4d 
2
P
o
 -16.6 7 
4p
3
 
2
P
o
 1.5 226863.6 R 0.6 67 22 4s.4p.(
3
P
o
).4d 
2
P
o
 19.6 8 
4s
2
.4f 
2
F
o
 3.5 229686.5 C 0.7 91 5 4s.4p.(
1
P
o
).4d 
2
F
o
 -3.6 4 
4s
2
.4f 
2
F
o
 2.5 229715.8 C 0.6 92 6 4s.4p.(
1
P
o
).4d 
2
F
o
 8.7 7 
4s.4p.(
3
P
o
).4d 
4
P
o
 2.5 236233.4 N 1 67 30 4s.4p.(
3
P
o
).4d 
4
D
o
 71.4 3 
4s.4p.(
3
P
o
).4d 
4
D
o
 1.5 236673.7 N 0.9 58 40 4s.4p.(
3
P
o
).4d 
4
P
o
 -71 4 
4s.4p.(
3
P
o
).4d 
4
D
o
 0.5 237000 N 1 85 14 4s.4p.(
3
P
o
).4d 
4
P
o
 -170 3 
4s
2
.5d 
2
D 1.5 237705 C 0.7 97 2 4p
2
.5d 
2
D 19 5 
4s
2
.5d 
2
D 2.5 237900.1 C 0.7 97 2 4p
2
.5d 
2
D -19 4 
4s.4p.(
3
P
o
).4d 
4
D
o
 3.5 239177.9 N 1.2 99 
   
-128 2 
4s.4p.(
3
P
o
).4d 
4
P
o
 0.5 239595.9 N 0.7 82 14 4s.4p.(
3
P
o
).4d 
4
D
o
 190.8 4 
4s.4p.(
3
P
o
).4d 
4
D
o
 2.5 239623 N 0.9 69 30 4s.4p.(
3
P
o
).4d 
4
P
o
 17.7 5 
4s.4p.(
3
P
o
).4d 
4
P
o
 1.5 239704.6 N 1.1 57 41 4s.4p.(
3
P
o
).4d 
4
D
o
 121.2 4 
4s
2
.6s 
2
S 0.5 240752.3 C 0.6 98 2 4p
2
6s 
2
S 0 4 
4s.4p.(
3
P
o
).5s 
4
P
o
 0.5 245848.7 N 1.1 94 4 4s.4p.(
3
P
o
).4d 
4
P
o
 -41.4 3 
4s.4p.(
3
P
o
).4d 
2
D
o
 1.5 246497.9 N 0.8 54 22 4p
3
 
2
D
o
 -71.1 6 
4s.4p.(
3
P
o
).4d 
2
D
o
 2.5 246595.9 N 1.1 50 21 4p
3
 
2
D
o
 74.9 3 
4s.4p.(
3
P
o
).5s 
4
P
o
 1.5 247228.3 N 1 93 3 4s.4p.(
3
P
o
).5s 
2
P
o
 -17.6 5 
4s.4p.(
3
P
o
).4d 
2
F
o
 2.5 249645.6 N 1.1 77 15 4s.4p.(
1
P
o
).4d 
2
F
o
 -33.8 3 
4s.4p.(
3
P
o
).5s 
4
P
o
 2.5 250284.9 N 1.4 98 
   
29.6 3 
4s.4p.(
3
P
o
).5s 
2
P
o
 0.5 251607.4 N 0.8 61 34 4s
2
.6p 
2
P
o
 330.4 4 
4s.4p.(
3
P
o
).4d 
2
F
o
 3.5 252949.6 N 1.7 85 14 4s.4p.(
1
P
o
).4d 
2
F
o
 -124.8 1 
4s
2
.6p 
2
P
o
 1.5 252983.2 R 0.9 56 35 4s.4p.(
3
P
o
).5s 
2
P
o
 12.3 8 
4s
2
.6p 
2
P
o
 0.5 256254.1 R 0.8 64 33 4s.4p.(
3
P
o
).5s 
2
P
o
 -59.1 4 
4s.4p.(
3
P
o
).5s 
2
P
o
 1.5 258004.5 N 0.8 53 41 4s
2
.6p 
2
P
o
 -262.3 5 
4s.4p.(
3
P
o
).4d 
2
P
o
 1.5 267489.3 N 1 70 18 4p
3
 
2
P
o
 38.1 4 
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Configuration Term J 
Energy
 a
 
cm
−1
  
Unc.
 b
 
cm
−1
 
Leading percentages 
c
 
ΔEo−c
 d
 
cm
−1
 
No. of 
lines
 e
 
        
 
4s.4p.(
3
P
o
).4d 
2
P
o
 0.5 268319.6 N 0.9 75 16 4p
3
 
2
P
o
 35.8 4 
4s
2
.5f 
2
F
o
 3.5 268352.8 R 0.8 65 26 4s.4p.(
1
P
o
).4d 
2
F
o
 92.4 3 
4s
2
.5f 
2
F
o
 2.5 268578.6 R 0.7 67 23 4s.4p.(
1
P
o
).4d 
2
F
o
 78.4 4 
4s
2
.5g 
2
G 3.5 275855.1 C 0.9 98 2 4p
2
.5g 
2
G 1 1 
4s
2
.5g 
2
G 4.5 275855.1 C 0.7 98 2 4p
2
.5g 
2
G -1 2 
4s
2
.6d 
2
D 1.5 276997.6 R 0.6 63 21 4s.4p.(
3
P
o
).5p 
2
P -0.7 5 
4s
2
.6d 
2
D 2.5 277068.5 R 0.7 88 7 4s.4p.(
3
P
o
).5p 
4
D 0.7 3 
4s
2
.7s 
2
S 0.5 278745.7 R 0.9 92 6 4s.4p.(
3
P
o
).5p 
4
P 0 3 
4s.4p.(
1
P
o
).4d 
2
F
o
 3.5 282114.8 N 1.2 52 33 4s
2
.5f 
2
F
o
 -368.6 2 
4s.4p.(
1
P
o
).4d 
2
D
o
 1.5 282290.9 N 0.9 68 10 4s.4p.(
3
P
o
).4d 
2
D
o
 349.5 6 
4s.4p.(
1
P
o
).4d 
2
D
o
 2.5 282687.3 N 1.2 54 15 4s.4p.(
1
P
o
).4d 
2
F
o
 58.9 2 
4s.4p.(
1
P
o
).4d 
2
F
o
 2.5 283210 N 0.9 38 22 4s
2
.5f 
2
F
o
 47 4 
4s.4p.(
1
P
o
).4d 
2
P
o
 0.5 283556.4 N 0.9 71 19 4s.4p.(
1
P
o
).5s 
2
P
o
 -177 5 
4s.4p.(
1
P
o
).4d 
2
P
o
 1.5 284169.3 N 0.8 63 19 4s.4p.(
1
P
o
).5s 
2
P
o
 -33.9 7 
4s
2
.7p 
2
P
o
 0.5 285349.5 R 1 70 22 4s.4p.(
1
P
o
).5s 
2
P
o
 7.9 3 
4s
2
.7p 
2
P
o
 1.5 285668.2 R 0.8 70 21 4s.4p.(
1
P
o
).5s 
2
P
o
 -57.4 8 
4s.4p.(
1
P
o
).5s 
2
P
o
 0.5 290315.7 N 0.7 57 28 4s
2
.7p 
2
P
o
 56.2 7 
4s.4p.(
1
P
o
).5s 
2
Po 1.5 290376.8 N 0.7 56 29 4s
2
.7p 
2
P
o
 45.3 10 
a 
Symbols next to the energy value have the following meaning: C – previous reported value has been 
confirmed here; N – new identification; R – previous value and/or interpretation has been revised 
here;  
b 
Uncertainties resulting from the level optimization procedure are given on the level of one standard 
deviation.  
c 
The first percentage value refers to the configuration and term given in the first two columns of the 
table. The second percentage value refers to the configuration and term given next to it. The 
percentage compositions were determined in this work by a parametric least-squares fitting with 
Cowan’s [9, 10](see text). 
d 
Differences between observed energies and those calculated in the parametric least squares fitting. 
e 
Number of observed lines determining the level in the optimization procedure. 
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Table 5-4: LSF parameters (cm
−1
) for Se IV 
Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
Odd Parity 
b
  
4s
2
.4p Eav 9418 
 
161 8839.9 1.06 
 
ζ(4p) 2990.7 1 69 2702.2 1.1 
4s
2
.5p Eav 195883.8 
 
347 198040.4 0.98 
 
ζ(5p) 818.1 1 19 739.2 1.1 
4s
2
.6p Eav 259032.6 
 
488 262211.4 0.98 
 
ζ(6p) 362.9 1 8 327.9 1.1 
4s
2
.7p Eav 290476.2 
 
384 293016.8 0.99 
 
ζ(7p) 194.8 1 4 176 1.1 
4s
2
.8p Eav 360827 7 18948 310373.3 1.16
 c
 
 
ζ(8p) 105.5 
 
fixed 105.5 1 
4s
2
.4f Eav 237601.5 
 
145 238258.7 0.99 
 
ζ(4f) 1.3 
 
fixed 1.3 1 
4s
2
.5f Eav 277899.9 
 
253 280275.6 0.99 
 
ζ(5f) 0.6 
 
fixed 0.6 1 
4s
2
.6f Eav 351967.8 7 18482 302752.9 1.16
 c
 
 
ζ(6f) 0.4 
 
fixed 0.4 1 
4s
2
.7f Eav 367643 7 19306 316236.2 1.16
 c
 
 
ζ(7f) 0.2 
 
fixed 0.2 1 
4s
2
.8f Eav 377771.2 7 19837 324948.2 1.16
 c
 
 
ζ(8f) 0.2 
 
fixed 0.2 1 
4s
2
.6h Eav 302374 
 
164 304175.7 0.99
 c
 
 
ζ(6h) 0.1 
 
fixed 0.1 1 
4s
2
.7h Eav 315338.3 
 
164 317126.5 0.99
 c
 
 
ζ(7h) 0.1 
 
fixed 0.1 1 
4s
2
.8h Eav 323730.2 
 
164 325544.6 0.99
 c
 
 
ζ(8h) 0.1 
 
fixed 0.1 1 
4p3 Eav 224916.2 
 
230 227037.3 0.99 
 
F
2
(4p,4p) 45509.8 
 
661 56069.3 0.81 
 
 (4p) -224.4 
 
-69 0 
 
 
ζ(4p) 3318.5 
 
424 2704.6 1.22
4s.4p.5s Eav 260578.3 
 
153 259192.9 1 
 
ζ(4p) 3267.7 1 75 2952.5 1.1 
 
G
1
(4s,4p) 55066.9 2 417 77511.5 0.71 
 
G
0
(4s,5s) 3378.3 5 266 4549.1 0.74 
 
G
1
(4p,5s) 4716.9 2 36 6639.5 0.71 
4s.4p.6s Eav 398363.8 7 20919 342661.4 1.16
 c
 
 
ζ(4p) 3336.2 1 77 3014.4 1.1 
 
G
1
(4s,4p) 55575.8 2 421 78227.9 0.71 
 
G
0
(4s,6s) 1090.3 5 86 1468.1 0.74 
 
G
1
(4p,6s) 1457.2 2 11 2051.2 0.71 
4s.4p.4d Eav 248181.2 
 
65 246200.9 1 
 
ζ(4p) 3149.4 1 73 2845.6 1.1 
 
ζ(4d) 149.4 1 3 135 1.1 
 
F
2
(4p,4d) 32637.3 4 401 41457.1 0.78 
 
G
1
(4s,4p) 54778.5 9 286 76506.5 0.71 
 
G
2
(4s,4d) 26326.3 8 360 31585.9 0.83 
 
G
1
(4p,4d) 38452.7 6 240 48547.5 0.79 
 
G
3
(4p,4d) 21444.6 9 112 29950.7 0.71 
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Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
4s.4p.5d Eav 393800.3 7 20679 338736 1.16
 c
 
 
ζ(4p) 3320.9 1 77 3000.6 1.1 
 
ζ(5d) 58.7 1 1 53 1.1 
 
F
2
(4p,5d) 10140.6 4 125 12880.9 0.78 
 
G
1
(4s,4p) 55953.6 9 292 78147.7 0.71 
 
G
2
(4s,5d) 6510.1 8 89 7810.7 0.83 
 
G
1
(4p,5d) 7390 6 46 9330 0.79 
 
G
3
(4p,5d) 5105.4 6 32 6445.7 0.79 
4s.4p.6d Eav 440280 7 23120 378716.5 1.16
 c
 
 
ζ(4p) 3349.8 1 77 3026.7 1.1 
 
ζ(6d) 29.4 1 1 26.6 1.1 
 
F
2
(4p,6d) 4544.1 4 56 5772.1 0.78 
 
G
1
(4s,4p) 56120.9 9 293 78381.5 0.71 
 
G
2
(4s,6d) 2783.4 8 38 3339.5 0.83 
 
G
1
(4p,6d) 2941.8 6 18 3714.1 0.79 
 
G
3
(4p,6d) 2118.5 6 13 2674.7 0.79 
4s.4p.5g Eav 438361.2 7 23019 377066 1.16
 c
 
 
ζ(4p) 3369.5 1 78 3044.5 1.1 
 
ζ(5g) 0.4 
 
fixed 0.4 1 
 
F
2
(4p,5g) 3847.5 4 47 4887.2 0.78 
 
G
1
(4s,4p) 55787.7 2 423 78526.1 0.71 
 
G
4
(4s,5g) 180.2 
 
fixed 240.3 0.74 
 
G
3
(4p,5g) 424.9 
 
fixed 566.5 0.75 
 
G
5
(4p,5g) 300.9 
 
fixed 401.2 0.75 
4s.4p.6g Eav 463770.6 7 24353 398922.5 1.16
 c
 
 
ζ(4p) 3370.3 1 78 3045.2 1.1 
 
ζ(6g) 0.2 
 
fixed 0.2 1 
 
F
2
(4p,6g) 2150.5 4 26 2731.6 0.78 
 
G
1
(4s,4p) 55794.4 2 423 78535.5 0.71 
 
G
4
(4s,6g) 162.4 
 
fixed 216.5 0.75 
 
G
3
(4p,6g) 362.2 
 
fixed 482.9 0.75 
 
G
5
(4p,6g) 257.5 
 
fixed 343.3 0.75 
4p
2
.5p Eav 475362.2 7 24962 408893.3 1.16
 c
 
 
F
2
(4p,4p) 46039.9 4 566 58481.5 0.78 
 
ζ(4p) 3320.3 1 77 3000 1.1 
 
ζ(5p) 743.5 
 
fixed 743.5 1 
 
F
2
(4p,5p) 14194.6 4 174 18030.5 0.78 
 
G
0
(4p,5p) 3185.4 2 24 4483.7 0.71 
 
G
2
(4p,5p) 4062.5 2 31 5718.3 0.71 
4p
2
.6p Eav 551818.7 7 28977 474659 1.16
 c
 
 
F
2
(4p,4p) 46224.9 4 568 58716.5 0.78 
 
ζ(4p) 3347.4 1 77 3024.5 1.1 
 
ζ(6p) 331.7 
 
fixed 331.7 1 
 
F
2
(4p,6p) 5741.8 4 71 7293.5 0.78 
 
G
0
(4p,6p) 1069.9 2 8 1506 0.71 
 
G
2
(4p,6p) 1488.5 2 11 2095.2 0.71 
4p
2
.7p Eav 588203.4 7 30888 505956.1 1.16
 c
 
 
F
2
(4p,4p) 46297.9 4 569 58809.2 0.78 
 
ζ(4p) 3357.8 1 77 3033.9 1.1 
 
ζ(7p) 177.4 
 
fixed 177.4 1 
 
F
2
(4p,7p) 2885.8 4 35 3665.6 0.78 
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Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
 
G
0
(4p,7p) 536 
 
fixed 714.7 0.74 
 
G
2
(4p,7p) 773.2 
 
fixed 1030.9 0.75 
4p
2
.8p Eav 608619.9 7 31960 523517.8 1.16
c
 
 
F
2
(4p,4p) 46331.4 4 570 58851.7 0.78 
 
ζ(4p) 3362.7 1 77 3038.3 1.1 
 
ζ(8p) 106.3 
 
fixed 106.3 1 
 
F
2
(4p,8p) 1661.2 4 20 2110.1 0.78 
 
G
0
(4p,8p) 301.4 
 
fixed 401.9 0.74 
 
G
2
(4p,8p) 443 
 
fixed 590.7 0.74 
4s
2
.4p - 4p
3
 RD
1
(4s,4s,4p,4p) 58455.7 3 455 75251.2 0.77 
4s
2
.4p - 4s.4p.5s RD
0
(4s,4s,4s,5s) 3087.2 3 24 3974.3 0.77 
4s
2
.4p - 4s.4p.4d RD
1
(4s,4p,4p,4d) 45670.1 3 356 58792 0.77 
 
RE
2
(4s,4p,4p,4d) 33016.9 3 257 42503.3 0.77 
4s
2
.5p - 4s.4p.5s RD
1
(4s,5p,4p,5s) 22676.9 3 177 29192.4 0.77 
 
RE
0
(4s,5p,4p,5s) 3391.1 3 26 4365.5 0.77 
4s
2
.5p - 4s.4p.4d RD
1
(4s,5p,4p,4d) -2671 3 -21 -3438.4 0.77 
 
RE
2
(4s,5p,4p,4d) 5131.9 3 40 6606.4 0.77 
4s
2
.6p - 4s.4p.5s RD
1
(4s,6p,4p,5s) 10536.3 3 82 13563.6 0.77 
 
RE
0
(4s,6p,4p,5s) 2015.6 3 16 2594.7 0.77 
4s
2
.6p - 4s.4p.4d RD
1
(4s,6p,4p,4d) -1519.3 3 -12 -1955.9 0.77 
 
RE
2
(4s,6p,4p,4d) 2188.1 3 17 2816.8 0.77 
4s
2
.7p - 4s.4p.5s RD
1
(4s,7p,4p,5s) 6773.9 3 53 8720.1 0.77 
 
RE
0
(4s,7p,4p,5s) 1397 3 11 1798.4 0.77 
4s
2
.7p - 4s.4p.4d RD
1
(4s,7p,4p,4d) -1108.6 3 -9 -1427.1 0.77 
 
RE
2
(4s,7p,4p,4d) 1263.2 3 10 1626.1 0.77 
4s
2
.4f - 4s.4p.4d RD
1
(4s,4f,4p,4d) 26423.7 3 206 34015.7 0.77 
 
RE
2
(4s,4f,4p,4d) 13667.8 3 106 17594.8 0.77 
4s
2
.5f - 4s.4p.4d RD
1
(4s,5f,4p,4d) 16418.5 3 128 21135.9 0.77 
 
RE
2
(4s,5f,4p,4d) 10026.3 3 78 12907.1 0.77 
4p
3
 - 4s - 4p.5s RD
1
(4p,4p,4s,5s) 891.3 3 7 1147.3 0.77 
4p
3
 - 4s - 4p.4d RD
1
(4p,4p,4s,4d) 45191 3 352 58175.3 0.77 
4s.4p.5s - 4s.4p.4d RD
2
(4p,5s,4p,4d) -8468.8 3 -66 -10902 0.77 
 
RE
1
(4p,5s,4p,4d) -2651.8 3 -21 -3413.7 0.77 
        
Even Parity 
 
4s
2
.5s Eav 164483 
 
47 164483 1 
4s
2
.6s Eav 247688 
 
46 247688 1 
4s
2
.7s Eav 285369.8 
 
47 285369.8 1 
4s
2
.8s Eav 305846 
 
fixed 305846 1
c
 
4s
2
.4d Eav 154723.6 
 
53 154723.6 1 
 
ζ(4d) 127.7 1 26 127.7 1 
4s
2
.5d Eav 244595.9 
 
33 244595.9 1 
 
ζ(5d) 52 1 11 52 1 
4s
2
.6d Eav 283949.7 
 
35 283949.7 1 
 
ζ(6d) 26.3 1 5 26.3 1 
4s
2
.5g Eav 282086.6 
 
33 282086.6 1 
 
ζ(5g) 0.4 1 0 0.4 1 
4s
2
.6g Eav 303820.8 
 
fixed 303820.8   1
 c
 
 
ζ(6g) 0.2 1 0 0.2 1 
4s
2
.7g Eav 316923.3 
 
fixed 316923.3 1
 c
 
 
ζ(7g) 0.1 1 0 0.1 1 
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Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
4s
2
.8g Eav 325415.2 
 
fixed 325415.2 1
 c
 
 
ζ(8g) 0.1 1 0 0.1 1 
4s.4p
2
 Eav 106713.4 
 
22 106713.4 1 
 
F
2
(4p,4p) 42035.8 
 
104 56047.7 0.75 
 
ζ(4p) 2701 
 
46 2701 1 
 
G
1
(4s,4p) 56391.1 
 
52 75188.1 0.75 
4s
2
.4d - 4s.4p
2
 RD
1
(4s,4d,4p,4p) 43014.2 3 147 57352.3 0.75 
4s
2
.5d - 4s.4p
2
 RD
1
(4s,5d,4p,4p) 19252 3 66 25669.3 0.75 
4s
2
.6d - 4s.4p
2
 RD
1
(4s,6d,4p,4p) 11939.7 3 41 15919.6 0.75 
a 
Parameters in each  numbered group were linked together with their ratio fixed at the Hartree-Fock 
level. 
b 
All configuration-interaction parameters R
k
 for the odd configurations were fixed at 75 % of the 
Hartree-Fock value. 
c 
These highly excited configurations are unknown experimentally. They were included in the 
calculations in order to account for their interaction with other configurations studied in this work. 
Except for the average energies Eav given here and ζ(5p) for 5p5d
2
 and 4f5p
2
, all other parameters of 
these configurations were fixed at the 80 % of the Hartree-Fock values (F
k
, G
k
, R
k
) or 100 % of the 
Hartree-Fock values (ζ). 
d 
Other R
k
 parameters of the even configurations were fixed at 80 % of the Hartree-Fock value. 
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                               The Fifth Spectrum of Selenium: Se V 
 
6.1 Introduction 
Four times ionized selenium (Se V) is a member of the Zinc isoelectronic 
sequence. The ground configuration is 3d
10
4s
2
 and the excited configurations are of 
the type 3d
104snℓ, 3d104p2 and 3d10 4pnℓ. The earlier work on Se V was due to 
Sawyer and Humphreys [1] who established all the triplets belonging to 4s4p, 4s4d, 
4s5s and 4p
2
 and 4s4p 
1
P
o
1 level with the classification of sixteen transitions in the 
wavelength region of 839 -506 Å. Rao and Badami [2] confirmed all the levels of 
Sawyer and Humphreys and added 4s4d 
1
D2 level at 213194 cm
-1.  
Rao and Badami 
[2] also observed intercombination lines to connect singlet and the excited triplet 
system.  The next extensive work on Se V was due to George [3] who extended the 
4snℓ upto n=5 and ℓ =3 with the confirmation of the previously reported work by 
Sawyer and Humphreys [1] as well as   Rao and Badami [2]. George [3] established 
all the four levels of 4s5p and 4s4f and identified tentatively 4s5d 
3
D1, 2, 3 levels. 
George [3] reported another missing level 4s5s 
1
S0 but 4p
2
 
1
D2 and 4p
2
 
1
S0 levels still 
remain unknown.  Bahr et al [4] using beam foil technique identified six new 
transitions and revised the level value for 4s5p 
1
P
o
1 and 4s5s 
1
S0 of George [3] by 
+1000 and -7730 cm
-1
 respectively, and also changed the designation of 4s4d 
1
D2 [5] 
to 4p
2
 
1
D2.  In addition, Bahr et al [4] also reported 4s4f 
1
F
o
3 which was different from 
George [3] by 5037 cm
-1
 lower. 
 Joshi and van Kleef [6] confirmed the earlier work by Bahr at a [4] except 
4s4f 
1
F
o
3. They also improved the beam-foil level values of Bahr [4] by up to 300 cm
-
1
 Joshi and van Kleef [6] did not study 4s4f levels. However, they also reported 4s5p  
and 4s5d  levels but they were not in agreement with earlier reported values by 
George except 4s5p 
3
P
o
2.  Apart from this Joshi and van Kleef [6] also established 
both levels of 4s6s configuration and found missing 4p
2
 
1
S0 level. 
 The most recent and extensive work on Se V was due to Churilov and Joshi 
[7] who confirmed all the analysis by Joshi and van Kleef [6] except two levels viz., 
4p
2
 
1
S0 and 4s5s 
1
S0. Churilov and Joshi [7] gave new level values for both the levels. 
It would be interesting to note that 4s5s 
1
S0 was established three times before, first by 
Chapter -6 
 
170 
 
George [3], secondly by Bahr et al. [4] and lastly by Joshi and van Kleef [6], all three 
level values were revised by Churilov and Joshi [7]. At present, this final level value 
is still not regular on the isoelectronic plot. Therefore, its validity seems to be 
questionable. Churilov and Joshi [7] extended their analysis further to include two 
new configurations viz., 4p4d and 4p5s. They observed noticeable interaction of 4s4f 
configuration with 4p4d, 4s5f and 4s6p. Due to strong interactions and mixing of the 
levels, a few levels did not fit well in the least squares fitted parametric calculations. 
These were a few challenging issues which motivated us to investigate this spectrum 
with extended configuration interaction calculations and with new set of experimental 
data. 
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Table 0-1: Level structure of Se V 
Configuration
a
 Parent Term Term
b
 J 
3d
10
.4s
2
    (
1
S) 
1
S 0 
3d
10
.4p
2
 (
3
P) 
3
P 0, 1, 2 
 
(
1
D) 
1
D 2 
 
(
1
S) 
1
S 0 
3d
10
.4s.ns (
2
S) 
3
S 1 
  
1
S 0 
3d
10
.4s.np (
2
S) 
3P˚ 0, 1, 2 
  
1P˚ 1 
3d
10
.4s.nd (
2
S) 
3
D 1, 2, 3 
  
1
D 2 
3d
10
.4s.nf  (
2F˚) 3F˚ 2, 3, 4 
  
1F˚ 3 
3d
10
.4p.5s (
2P˚) 3P˚ 0, 1, 2 
  
1P˚ 1 
3d
10
.4p.4d 
 
3F˚ 2, 3, 4 
  
3D˚ 1, 2, 3 
  
3P˚ 0, 1, 2 
  
1F˚ 3 
  
1D˚ 2 
  
1P˚ 1 
a
 To the given configurations, the Kernel structure ‘[Ar]’ must be added before each of it for the 
completeness of electronic structure. The principal quantum number, n ≥ 4 for all ℓ. 
b The  ordering of levels are governs by Hund’s rule for the fine structures. 
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 Figure 0-1: Energy level structure of Se V to the relative energy scale 
6.2 Theoretical Calculations 
We conducted Multi-configuration interaction Hartree-Fock calculations [8, 9] 
with twenty six odd and thirty two even configurations. In the odd parity system, we 
included the following configurations:  
Odd configuration system: 
      
 
   
      
 
   
      
 
   
      
 
   
      
 
   
         
               
Even configuration system 
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 The energy levels, transition wavelengths and transition rates were again 
predicted with Cowan's code [8, 9]. In initial calculations the Slater parameters were 
scaled as Eav and ζnl to full HFR value, 85% of HFR values for F
k
, and 85% for G
k
 and 
R
k
 integrals. We adjusted the values of the Slater energy parameters, viz., the average 
configuration energy (Eav), the Coulomb integrals (F
k
, G
k
 and R
k
), and the spin-orbit 
parameters (ζnl) along the isoelectronic sequence to fit the experimental energy levels 
of  Se V by means of a least-squares fitted parametric calculation. Using these fitted 
parameters scaling, the initially obtained transition parameters like transition rates 
(gA) and oscillator strengths were re-calculated and they are tabulated in table for 
classified lines (Table 6.2)  
6.2  The 4s2 – 4snp transition array  
The outermost electronic excitation from the ground 4s
2
; 
1
S0 is possible 
through the 4snp configuration with 
3
P°0, 1, 2 and 
1
P°1 fine structures. All the levels of 
4s4p were established by Sawyer Humphreys [1] and 4s5p was done by George [3]. 
Later Bahr [4] revised 4s5p 
1
P
o
1 at 329300 and Joshi and van Kleef [6]confirmed this 
level at 329647 cm
-1
. We also have observed the transitions resulting from levels of 
4s
2
 to 4s4p and 4s5p configurations with better accuracies and therefore, confirmed 
these levels. However none of the level of 4s6p was reported by any published work 
[2, 3, 4, 6, 7] and therefore, being studied in the present work. We obtained all the 
four levels belonging to 4s6p configuration.  
6.3 The 4s4p – [4s (ns+nd) + 4p2] transition array 
The configuration 4p
2
 arises due internal excitation of 4s electron to partially 
filled 4p sub-shell. All the triplet levels of 4p
2
 configuration were already reported in 
AEL [5] and listed in NIST ASD [10] except 
1
S0 and 
1
D2.  The 
1
S0 level was 
established by Joshi and van Kleef [6] whereas 4s4d 
1
D2 was re-designated as 4p
2
 
1
D2 
by Bahr et. al. [4]. They also found a new level as 4s4d 
1
D2 in their beam-foil spectra 
which was later confirmed by Joshi and van Kleef [6] with an improved level value.  
In the 4snℓ (n=4-5, ℓ=0, 2) and 4p2 series we have confirmed all the earlier reported 
[7] level values for 4s5s, 4s6s, 4s4d and 4s5d configurations except 4s5s 
1
S0 as its 
main transition 4s4p 
1
P1-4s5s 
1
S0 at 611.080 Å does not show Se V characteristic 
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rather showing lower ionization character on our plates and the level value also does 
not fit along the isoelectronic plot which was already pointed out by Churilov. A  
thorough examination of plate we find only one line at 162792.8 cm
-1
 with Se V 
character but was  already classified in Se V as a transition between 4s4p 
3
P2 – 4s4d 
3
D2.  We are not satisfied with the reported level value however; we also did not find 
any satisfactory combination for this level.  The isoelectronic extrapolation suggests 
that it becomes regular if we consider 162792.8 cm
-1
 as a doubly classified line. This 
gives 4s5s 
1
S0 level value at 294525.8 cm
-1
.  Nothing better is available for this level. 
We tried to extend this series up to n=7 for 4sns and n=6 for 4snd but could not find 
any level as these transitions lie in the grazing incidence wavelength region for which 
our observations are lacking.  
6.4 The levels of 4s[nf (n=4-5) + np (n=4-6)], 4p(4d+5s) configurations 
The ab-initio calculations show a strong configuration mixing of 4p4d with 
4s4f configurations and 4p5s with 4snp configurations, therefore, taken together. All 
the four levels of 4s4f were first established by George [3]. Churilov and Joshi [7] 
revised all the levels for 4s4f reported in [3] by more than 8000 cm
-1
 and also rejected 
the value of 4s4f 
1
F
o
3 listed in NIST ASD [10]. Therefore, we investigated this 
configuration independently and found all the levels of Churilov and Joshi [7] to be 
correct.  After confirmation of 4s4f levels we extended this series and established all 
the four levels of 4s5f configuration based on the observed transitions from levels of 
both 4s4d and 4p
2
 configurations but could not find success in establishing the levels 
for 4s6f configurations. The 4snp series was established up to n=5 by Sawyer and 
Humphreys [1], Bahr et. al. [4], Joshi and van Kleef [6]. In the present work we 
extended this series to include n=6 configuration and established all the four levels for 
4s6p configuration.  
We further extended the analysis to include 4p4d, 4p5s configurations. Since 
the configurations 4s5f and 4s6p lie just above the 4p5s and 4p4d configurations, 
resulting in a very strong interaction between the singlet states. Inclusion of these 
configurations results in pushing up the 4p5s 
1
P
o
1 level by 2000 cm
-1
.  Churilov 
studied these configurations for the first time and established all the levels but did not 
include two levels namely 4p5s 
1
P
o
1 and 4p4d 
1
F
o
3 in the LSF parametric calculations. 
In this work we confirmed the values of Churilov and Joshi [7] and included the 4p5s 
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1
P
o
1 and 4p4d 
1
F
o
3 level in our LSF calculation, and found that these levels fit well in 
our LSF calculations. 
6.3 Optimization of the energy levels 
The comprehensive optimization of the observed energy levels for this 
spectrum were required as there were various wavelengths observed (previous or 
new) by us and others [3, 4, 6, 7]. The optimization was made with a least-squares 
level optimization LOPT [11] program. Optimized energy levels are given in Table 6-
3 along with their uncertainties. We also got the Ritz wavelengths from optimized 
levels and they are given in Table 6-2. All together 54 levels are known in Se V.  
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Table 6-1: List of classified lines in Se V spectrum 
Iobs
a
 Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
 
 0 
 
303.355(7) 329647 303.3619(11) -0.007 4s
2
              
1
S 0 4s.5p            1P
o
1 0 329639.3 2.79E+09 
 
TW 
0 
 
326.827(7) 305972 326.8243(13) 0.003 4s.4p            
3
P
o
0 4s.6s            3S 1 89749.4 395724.2 1.46E+09 
 
TW 
15 
 
328.540(7) 304377 328.5421(1) -0.002 4s.4p            
3
P
o
1 4s.6s            3S 1 91349.2 395724.2 4.32E+09 
 
TW 
20 
 
332.484(7) 300766 332.4873(11) -0.003 4s.4p            
3
P
o
2 4s.6s            3S 1 94960.8 395724.2 6.99E+09 
 
TW 
0 
 
339.729(7) 294352 339.723(6) 0.006 4s.4p            
3
P
o
0 4s.5d            3D 1 89749.4 384107 1.16E+09 
 
TW 
5 
 
341.461(14) 292860 341.4538(11) 0.007 4s.4p            
3
P
o
1 4s.5d            3D 2 91349.2 384214.6 2.58E+09 
 
TW 
2 
 
341.557(14) 292777 341.579(6) -0.022 4s.4p            
3
P
o
1 4s.5d            3D 1 91349.2 384107 8.55E+08 
 
TW 
9 
o
 345.524(14) 289416 345.524(14) -0.001 4s.4p            
3
P
o
2 4s.5d            3D 3 94960.8 384376 4.7E+09 
 
TW 
0 
 
345.716(7) 289255 345.7172(12) -0.001 4s.4p            
3
P
o
2 4s.5d            3D 2 94960.8 384214.6 8.39E+08 
 
TW 
13 
 
374.435(7) 267069 374.4206(15) 0.014 4s.4p            1P
o
1 4s.6s            1S 0 131735.9 398815.2 3.21E+09 
 
TW 
8 
 
378.809(14) 263985 378.8047(11) 0.005 4s.4p            1P
o
1 4s.6s            3S 1 131735.9 395724.2 7937000 
 
TW 
68 
 
392.230(7) 254952 392.2281(15) 0.002 4s.4p            1P
o
1 4s.5d            1D 2 131735.9 386689.6 6.74E+09 
 
TW 
220 
 
452.832(7) 220833 452.822(3) 0.01 4p
2
              1D 2 4s.5f            1F
o
3 213201.4 434038.9 7.85E+08 CF TW 
95 
 
505.889(7) 197672 505.888(3) 0.001 4s.4p            
3
P
o
0 4s.5s            3S 1 89749.4 287421.5 3.89E+09 
 
TW 
100 
 
510.018(7) 196072 510.016(3) 0.002 4s.4p            
3
P
o
1 4s.5s            3S 1 91349.2 287421.5 1.14E+10 
 
TW 
85 
 
511.526(7) 195493 511.524(4) 0.002 4p2              1D 2 4p.5s            1P
o
1 213201.4 408695.5 8.96E+09 
 
TW 
200 
 
519.586(7) 192461 519.587(3) -0.001 4s.4p            
3
P
o
2 4s.5s            3S 1 94960.8 287421.5 1.81E+10 
 
TW 
42 
 
523.754(7) 190929 523.751(3) 0.003 4p2              
3
P 0 4p.5s            3P
o
1 211789.4 402719.8 5.2E+09 
 
TW 
60 
 
527.648(7) 189520 527.653(3) -0.005 4p2              1D 2 4p.5s            3P
o
1 213201.4 402719.8 6.38E+09 
 
TW 
80 P 
 
188887 530.536(4) _ 4p2              
3
P 2 4p.5s            3P
o
2 218616 407104.5 1.52E+10 
 
TW 
65 
 
530.133(7) 188632 530.133(3) 0 4p2              
3
P 1 4p.5s            3P
o
1 214087.8 402719.8 3.26E+09 
 
TW 
42 
 
532.547(7) 187777 532.547(4) 0 4p2              
3
P 1 4p.5s            3P
o
0 214087.8 401864.8 4.96E+09 
 
TW 
10 
 
587.076(14) 170336 587.076(14) 0 4s.4d            
3
D 2 4s.5f            3F
o
3 257751.9 428087.6 7.79E+09 
 
TW 
200 
 
588.002(7) 170067 588.002(7) 0 4s.4d            
3
D 
3
 4s.5f            3F
o
4 258088 428155.4 1.13E+10 
 
TW 
100 
 
595.983(7) 167790.1 595.993(4) -0.011 4s.4p            
3
P
o
0 4s.4d            3D 1 89749.4 257536.5 2.16E+10 
 
TW 
150 
 
600.948(7) 166403.7 600.952(3) -0.004 4s.4p            
3
P
o
1 4s.4d            3D 2 91349.2 257751.9 4.75E+10 
 
TW 
125 
 
601.723(7) 166189.3 601.731(3) -0.007 4s.4p            
3
P
o
1 4s.4d            3D 1 91349.2 257536.5 1.58E+10 
 
TW 
80 B 609.690(7) 164017.8 609.702(5) -0.012 4p2              1D 2 4p.4d            3D
o
2 213201.4 377216 9.99E+09 
 
TW 
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Iobs
a
 Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
 
 80 
 
609.82(2) 163983 609.858(5) -0.04 4p2              1D 2 4p.4d            3D
o
3 213201.4 377174 2.35E+10 
 
TW 
100 
 
611.066(7) 163648.3 611.068(6) -0.002 4s.4p            1P
o
1 4s.5s            1S 0 131735.9 295383.8 7.8E+09 
 
TW 
300 
 
613.019(14) 163127 613.019(4) 0 4s.4p            
3
P
o
2 4s.4d            3D 3 94960.8 258088 8.43E+10 
 
TW 
250 
 
613.030(7) 163124.3 613.015(5) 0.015 4p2              
3
P 1 4p.4d            3D
o
2 214087.8 377216 2.26E+10 
 
TW 
72 
 
613.635(7) 162963.3 613.620(5) 0.015 4p2              
3
P 1 4p.4d            3P
o
1 214087.8 377055.2 2.58E+10 
 
TW 
150 
 
614.278(7) 162792.8 614.284(3) -0.006 4s.4p            
3
P
o
2 4s.4d            3D 2 94960.8 257751.9 1.5E+10 
 
TW 
78 
 
615.087(7) 162578.5 615.098(3) -0.011 4s.4p            
3
P
o
2 4s.4d            3D 1 94960.8 257536.5 1.03E+10 
 
TW 
80 
 
615.087(7) 162578.6 615.090(5) -0.003 4p2              
3
P 1 4p.4d            3P
o
0 214087.8 376665.7 1.03E+10 
 
TW 
85 P 
 
159605.8 627.013(5) _ 4p2              
3
P 1 4p.4d            3P
o
2 214087.8 373574.2 3.74E+10 
 
TW 
48 
 
630.492(20) 158606 630.517(5) -0.025 4p2              
3
P 2 4p.4d            3D
o
2 218616 377216 3.8E+10 
 
TW 
48 
 
630.492(20) 158606 630.488(4) 0.004 4p2              
3
P 1 4s.4f            3F
o
2 214087.8 372695 1.14E+10 
 
TW 
120 
 
630.686(7) 158557.5 630.684(5) 0.002 4p2              
3
P 2 4p.4d            3D
o
3 218616 377174 8.23E+10 
 
TW 
92 
 
631.12(2) 158450 631.157(6) -0.04 4p2              
3
P 2 4p.4d            3P
o
1 218616 377055.2 8.89E+09 
 
TW 
5 
 
642.316(14) 155687 642.320(4) -0.004 4s.4p            1P
o
1 4s.5s            3S 1 131735.9 287421.5 68680000 CF TW 
110 P 
 
155088 645.335(5) _ 4p2              
3
P 2 4p.4d            3P
o
2 218616 373574.2 8.08E+09 
 
TW 
18 
 
645.176(7) 154996.4 645.181(6) -0.005 4s.4d            1D 2 4s.5f            1F
o
3 279043.7 434038.9 2.33E+10 
 
TW 
68 
 
646.112(7) 154771.9 646.112(7) 0 4p2              
3
P 2 4p.4d            3D
o
1 218616 373387.9 1.44E+09 
 
TW 
32 
 
646.800(7) 154607.3 646.788(4) 0.012 4p2              
3
P 2 4s.4f            3F
o
3 218616 373226.2 3.11E+09 
 
TW 
18 
 
649.644(7) 153930.4 649.643(5) 0.001 4p2              1S 0 4p.5s            3P
o
1 248789.2 402719.8 2.23E+09 
 
TW 
13 
 
655.561(7) 152541.2 655.561(7) 0 4s.4d            
3
D 1 4s.6p            3P
o
0 257536.5 410077.7 5.05E+08 
 
TW 
86 
 
665.452(10) 150274 665.467(5) -0.015 4p2              1D 2 4p.4d            1D
o
2 213201.4 363471.9 3.27E+10 
 
TW 
86 
 
665.452(10) 150274 665.431(6) 0.021 4p2              1S 0 4p.4d            1P
o
1 248789.2 399067.8 2.35E+10 
 
TW 
20 
 
669.405(7) 149386.4 669.415(5) -0.01 4p2              
3
P 1 4p.4d            1D
o
2 214087.8 363471.9 6.81E+08 
 
TW 
100 
 
678.853(7) 147307.3 678.851(4) 0.002 4s.4p            1P
o
1 4s.4d            1D 2 131735.9 279043.7 8.33E+10 
 
TW 
95 
 
689.950(7) 144938 689.950(7) 0 4p2              1D 2 4s.4f            1F
o
3 213201.4 358139.5 3.82E+10 
 
TW 
87 
 
690.358(7) 144852.4 690.341(5) 0.017 4p2              
3
P 2 4p.4d            1D
o
2 218616 363471.9 5.09E+09 
 
TW 
130 
 
714.079(7) 140040.4 714.083(4) -0.004 4p2              1D 2 4p.4d            3F
o
3 213201.4 353241.1 6.67E+08 
 
TW 
95 B 716.72(2) 139524 716.725(8) -0.01 4p2              
3
P 2 4s.4f            1F
o
3 218616 358139.5 7.43E+09 
 
TW 
65 
 
742.786(7) 134628.3 742.804(4) -0.017 4p2              
3
P 2 4p.4d            3F
o
3 218616 353241.1 7597000 CF TW 
999 
 
759.091(10) 131736.5 759.095(4) -0.003 4s2              1S 0 4s.4p            1P
o
1 0 131735.9 2.06E+10 
 
TW 
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Iobs
a
 Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
 
 300 
 
785.747(7) 127267.5 785.751(4) -0.004 4s.4p            
3
P
o
1 4p2              3P 2 91349.2 218616 6.99E+09 
 
TW 
26 
 
794.926(7) 125798 794.909(5) 0.017 4s.4p            1P
o
1 4s.4d            3D 1 131735.9 257536.5 19010000 
 
TW 
200 
 
804.261(7) 124337.7 804.257(6) 0.004 4s.4p            
3
P
o
0 4p2              3P 1 89749.4 214087.8 6.97E+09 
 
TW 
140 P 
 
123699.9 808.564(8) _ 4s.4d            1D 2 4p.5s            3P
o
1 279043.7 402719.8 1.24E+09 
 
TW 
140 
 
814.745(7) 122737.7 814.740(5) 0.006 4s.4p            
3
P
o
1 4p2              3P 1 91349.2 214087.8 5.04E+09 
 
TW 
250 
 
830.293(7) 120439.4 830.288(5) 0.005 4s.4p            
3
P
o
1 4p2              3P 0 91349.2 211789.4 6.34E+09 
 
TW 
115 
 
833.160(7) 120025 833.166(7) -0.006 4s.4d            1D 2 4p.4d            1P
o
1 279043.7 399067.8 5.27E+09 
 
TW 
85 
 
835.540(7) 119683.1 835.540(7) 0 4s.5s            
3
S 1 4p.5s            3P
o
2 287421.5 407104.5 5.27E+09 
 
TW 
250 P 
 
119607 836.689(10) _ 4s.4d            
3
D 1 4p.4d            3P
o
1 257536.5 377055.2 7.3E+09 
 
TW 
25 B 837.372(14) 119421.3 837.366(9) 0.006 4s.4d            
3
D 2 4p.4d            3D
o
3 257751.9 377174 8.61E+09 
 
TW 
20 B 838.178(14) 119306.4 838.20(1) -0.022 4s.4d            
3
D 2 4p.4d            3P
o
1 257751.9 377055.2 1.03E+09 CF TW 
75 B 839.43(14) 119128.5 839.425(10) 0.005 4s.4d            
3
D 1 4p.4d            3P
o
0 257536.5 376665.7 2.81E+09 
 
TW 
700 
 
839.462(14) 119123.9 839.440(6) 0.022 4s.4p            
3
P
o
2 4p2              3P 1 94960.8 214087.8 4.61E+08 CF TW 
20 P 
 
119074.2 839.729(10) _ 4s.4d            
3
D 
3
 4p.4d            3D
o
3 258088 377174 1.2E+10 
 
TW 
90 
 
845.738(7) 118240 845.733(5) 0.005 4s.4p            
3
P
o
2 4p2              1D 2 94960.8 213201.4 4.78E+09 
 
TW 
70 
 
854.319(7) 117052.4 854.312(6) 0.007 4s.4p            1P
o
1 4p2              1S 0 131735.9 248789.2 6.9E+09 
 
TW 
25 
 
858.824(7) 116438.3 858.827(7) -0.003 4p2              1D 2 4s.5p            1P
o
1 213201.4 329639.3 2.21E+09 
 
TW 
52 
 
860.515(7) 116209.4 860.516(7) 0 4s.4d            
3
D 
3
 4s.4f            3F
o
4 258088 374297.4 8.19E+10 
 
TW 
18 
 
865.904(7) 115486.2 865.904(7) 0 4s.4d            
3
D 
3
 4p.4d            3P
o
2 258088 373574.2 9.13E+09 
 
TW 
42 
 
866.001(7) 115473.3 865.994(5) 0.007 4s.4d            
3
D 2 4s.4f            3F
o
3 257751.9 373226.2 5.03E+10 
 
TW 
8 
 
867.315(7) 115298.3 867.315(6) 0 4s.5s            
3
S 1 4p.5s            3P
o
1 287421.5 402719.8 6.61E+09 
 
TW 
40 
 
868.368(7) 115158.6 868.368(6) -0.001 4s.4d            
3
D 1 4s.4f            3F
o
2 257536.5 372695 2.75E+10 
 
TW 
22 
 
868.509(7) 115139.9 868.521(5) -0.013 4s.4d            
3
D 
3
 4s.4f            3F
o
3 258088 373226.2 1.11E+10 
 
TW 
20 
 
869.997(7) 114943 869.996(6) 0.001 4s.4d            
3
D 2 4s.4f            3F
o
2 257751.9 372695 8.12E+09 
 
TW 
22 P 
 
114625.4 872.547(7) _ 4s.4d            
3
D 
3
 4s.4f            3F
o
2 258088 372695 3.26E+09 
 
TW 
  
873.795(7) 114443.3 873.795(7) 0 4s.5s            
3
S 1 4p.5s            3P
o
0 287421.5 401864.8 2.59E+09 
 
TW 
  
882.521(7) 113311.8 882.521(7) 0 4s.5s            1S 0 4p.5s            1P
o
1 295383.8 408695.5 5.86E+09 
 
TW 
  
1030.606(7) 97030.3 1030.606(7) 0 4s.4d            
3
D 
3
 4p.4d            3F
o
4 258088 355118.3 6.59E+08 CF TW 
  
1047.250(7) 95488.2 1047.239(6) 0.011 4s.4d            
3
D 2 4p.4d            3F
o
3 257751.9 353241.1 1.35E+08 CF TW 
85 
 
1094.702(7) 91349.1 1094.700(7) 0.002 4s2              1S 0 4s.4p            3P
o
1 0 91349.2 17820000 
 
TW 
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Iobs
a
 Char.
b
 λobs
c 
Å σobs cm
-1
 λRitz
d 
Å ΔλO-Ritz
e
 Å Classification Elow  cm
-1
 Eupp cm
-1
 gA
f
  S
-1
 
 70 
 
1151.013(7) 86880 1151.012(6) 0.001 4s.4p            1P
o
1 4p2              3P 2 131735.9 218616 9E+08 
 
TW 
5 
 
1214.289(14) 82352.7 1214.301(9) -0.012 4s.4p            1P
o
1 4p2              3P 1 131735.9 214087.8 4293000 
 
TW 
90 
 
1227.504(7) 81466.1 1227.513(6) -0.009 4s.4p            1P
o
1 4p2              1D 2 131735.9 213201.4 2.66E+09 
 
TW 
  
1249.162(8) 80053.7 1249.165(7) -0.003 4s.4p            1P
o
1 4p2              3P 0 131735.9 211789.4 15600000 
 
TW 
 
P 
 
80000 618.818(7) _ 4p2              
3
P 0 4p.4d            3D
o
1 211789.4 373387.9 3.69E+10 
 
TW 
0 P 
 
71890.9 1391.06(2) _ 4s.4d            
3
D 2 4s.5p            1P
o
1 257751.9 329639.3 1.06E+08 
 
TW 
0 
 
1426.668(10) 70093.4 1426.684(9) -0.016 4s.4d            
3
D 2 4s.5p            3P
o
2 257751.9 327844.5 7.48E+08 
 
TW 
0 
 
1433.568(10) 69756 1433.558(9) 0.01 4s.4d            
3
D 
3
 4s.5p            3P
o
2 258088 327844.5 4.11E+09 
 
TW 
0 
 
1445.588(10) 69176 1445.59(1) -0.002 4s.5p            1P
o
1 4s.6s            1S 0 329639.3 398815.2 2.37E+09 
 
TW 
0 P 
 
69102 1447.19(2) _ 4s.4d            
3
D 1 4s.5p            3P
o
1 257536.5 326635.8 6.82E+08 
 
TW 
0 
 
1447.429(10) 69088 1447.422(10) 0.007 4s.5p            
3
P
o
1 4s.6s            3S 1 326635.8 395724.2 2.46E+09 
 
TW 
0 P 
 
68886 1451.717(15) _ 4s.4d            
3
D 2 4s.5p            3P
o
1 257751.9 326635.8 2.03E+09 
 
TW 
0 
 
1454.312(10) 68761 1454.312(10) 0 4s.4d            
3
D 1 4s.5p            3P
o
0 257536.5 326297.5 9.4E+08 
 
TW 
0 
 
1473.186(10) 67880.1 1473.194(10) -0.009 4s.5p            
3
P
o
2 4s.6s            3S 1 327844.5 395724.2 4.11E+09 
 
TW 
0 P 
 
60054 1665.17(3) _ 4s.5p            
3
P
o
1 4s.5d            1D 2 326635.8 386689.6 3.71E+08 
 
TW 
45 P 
 
58840.6 1699.38(3) _ 4s.5p            
3
P
o
2 4s.5d            1D 2 327844.5 386689.6 1677000 
 
TW 
70 
 
1736.751(7) 57578.8 1736.752(7) -0.001 4s.5p            
3
P
o
1 4s.5d            3D 2 326635.8 384214.6 6.83E+09 
 
TW 
160 
 
1752.840(7) 57050.3 1752.839(7) 0.001 4s.5p            1P
o
1 4s.5d            1D 2 329639.3 386689.6 8.09E+09 
 
TW 
0 
 
2101.193(10) 47592 2101.187(1) 0.006 4s.4d            1D 2 4s.5p            3P
o
1 279043.7 326635.8 5.18E+09 
 
TW 
a
 Observed relative intensities on visual scale of (1-1000). 
 b
 Character of observed line: B—blended by a close line; S—asymmetric line extending towards shorter wavelengths, P- wavelength are set to be predicted and hence 
not included in level optimization. 
c
 Observed and Ritz wavelengths are given in standard air for wavenumbers σ between 5000 cm−1 and 41 666 cm−1 and in vacuum outside of this range. The uncertainty 
(standard deviation) in the last digit is given in parentheses. 
d
 Ritz wavelengths and their uncertainties were determined in the least-squares level optimization procedure LOPT [11]. 
e
 Difference between observed and Ritz wavelength. If this column is blank, and λobs is not blank, this line alone determines one of the levels involved in the  assigned 
transition.  
f
 In the weighted (g=2J+1), statistical weight of upper level) transition probability values, the number after the ‘+’ or ‘−’ symbol means the power of 10. CF: the given 
TP values are too unreliable when cancellation factor |CF|<0.10 in Cowan code [33].  
g
 References to observed wavelengths: TW: taken from this work (TW), SG: wavelength from Simon George list. 
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Table 6-2: Optimized energy levels of Se V. 
Configuration Term J 
Energy 
a 
cm
-1
 
 
Unc.
b 
cm
-1
 
Leading percentages 
c
 
ΔEo-c 
d   
cm
-1
 
No. of lines
 e
 
4s
2
 
1
S 0 0 
 
0 98 2 4p
2
 
1
S    0 3 
4p
2
 
3
P 0 89749.4 
 
1.2 100 
   
   7 5 
4p
2
 
1
D 2 91349.2 
 
0.6 99 
   
   5 10 
4p
2
 
3
P 1 94960.8 
 
1 100 
   
   -42 8 
4p
2
 
3
P 2 131735.9 
 
0.8 97 2 4p.4d 
1
P
o
    31 13 
4p
2
 
1
S 0 211789.4 
 
0.8 98 2 4p
2
 
1
S    7 3 
4s.4d 
3
D 1 213201.4 
 
0.8 66 21 4p
2
 
3
P 13 4s.4d 
1
D -1 11 
4s.4d 
3
D 2 214087.8 
 
0.8 100 
   
   -10 11 
4s.4d 
3
D 3 218616 
 
0.8 79 17 4p
2
 
1
D    4 9 
4s.4d 
1
D 2 248789.2 
 
1.1 95 2 4s
2
 
 
   -0 3 
4s.5s 
3
S 1 257536.5 
 
1 99 
   
   -51 6 
4s.5s 
1
S 0 257751.9 
 
0.9 99 
   
   -10 8 
4s.5d 
3
D 1 258088 
 
1 99 
   
   62 3 
4s.5d 
3
D 2 279043.7 
 
1.1 82 16 4p
2
 
1
D    -1 4 
4s.5d 
3
D 3 287421.5 
 
1.2 99 
   
   0 6 
4s.5d 
1
D 2 295383.8 
 
1.7 98 
   
   -0 2 
4s.6s 
3
S 1 326297.5 
 
1.08 99 
   
   192 1 
4s.6s 
1
S 0 326635.8 
 
1.1 94 5 4s.5p 
1
P
o
    136 3 
4s.4p 
3
P
o
 0 327844.5 
 
1 99 
   
   11 3 
4s.4p 
3
P
o
 1 329639.3 
 
1.2 92 5 4s.5p 
3
P
o
    -346 4 
4s.4p 
3
P
o
 2 351880 
 
[LSF] 72 26 4s.4f 
3
F
o
    -10  
4s.4p 
1
P
o
 1 353241.1 
 
1 69 29 4s.4f 
3
F
o
    -16 3 
4s.5p 
3
P
o
 0 355118.3 
 
1.2 64 36 4s.4f 
3
F
o
    -12 1 
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Configuration Term J 
Energy 
a 
cm
-1
 
 
Unc.
b 
cm
-1
 
Leading percentages 
c
 
ΔEo-c 
d   
cm
-1
 
No. of lines
 e
 
4s.5p 
3
P
o
 1 358139.5 
 
1.6 77 21 4p.4d 
1
F
o
    0 2 
4s.5p 
3
P
o
 2 363471.9 
 
1.2 95 2 4p.4d 
3
P
o
    75 3 
4s.5p 
1
P
o
 1 372695 
 
1.1 61 20 4p.4d 
3
F
o
 9 
4p.4
d 
3
D
o
 298 3 
4p.4d 
3
F
o
 2 373226.2 
 
1.1 68 28 4p.4d 
3
F
o
    25 3 
4p.4d 
3
F
o
 3 373387.9 
 
1.9 57 41 4p.4d 
3
P
o
    -160 1 
4p.4d 
3
F
o
 4 373574.2 R 1.4 60 20 4p.4d 
3
D
o
 11 4s.4f 
3
F
o
 -157 1 
4s.4f 
1
F
o
 3 374297.4 
 
1.4 64 35 4p.4d 
3
F
o
    -194 1 
4p.4d 
1
D
o
 2 376665.7 
 
1.6 99 
   
   65 2 
4s.4f 
3
F
o
 2 377055.2 
 
1.5 57 42 4p.4d 
3
D
o
    103 3 
4s.4f 
3
F
o
 3 377174 
 
1.5 95 2 4p.4d 
3
F
o
    32 3 
4p.4d 
3
P
o
 2 377216 
 
1.5 70 28 4p.4d 
3
P
o
    -51 3 
4p.4d 
3
D
o
 1 384107 
 
6 99 
   
   -19 2 
4s.4f 
3
F
o
 4 384214.6 
 
1.1 99 
   
   -3 3 
4p.4d 
3
P
o
 0 384376 
 
12 99 
   
   19 1 
4p.4d 
3
P
o
 1 386689.6 
 
1.2 97 2 5p.p 
1
D    3 2 
4p.4d 
3
D
o
 2 395724.2 
 
1 99 
   
   -406 6 
4p.4d 
3
D
o
 3 398815.2 
 
1.3 99 
   
   409 2 
4p.4d 
1
P
o
 1 399067.8 
 
1.3 89 5 4p.5s 
1
P
o
    6 2 
4p.4d 
1
F
o
 3 401864.8 
 
1.4 97 2 4s.6p 
3
P
o
    204 2 
4p.5s 
3
P
o
 0 401920.7 R [LSF] 69 20 4s.4f 
1
F
o
 8 4s.5f 
1
F
o
 0  
4p.5s 
3
P
o
 1 402719.8 
 
1.2 81 11 4p.5s 
1
P
o
    -410 5 
4p.5s 
3
P
o
 2 407104.5 R 1.6 96 3 4s.6p 
3
P
o
    233 1 
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Configuration Term J 
Energy 
a 
cm
-1
 
 
Unc.
b 
cm
-1
 
Leading percentages 
c
 
ΔEo-c 
d   
cm
-1
 
No. of lines
 e
 
4p.5s 
1
P
o
 1 408695.5 
 
1.8 50 29 4s.6p 
1
P
o
 15 4p.5s 
3
P
o
 1225 2 
4s.6p 
3
P
o
 0 410077.7 N 1.9 98 2 4p.5s 
3
P
o
    -58 1 
4s.6p 
3
P
o
 1 410650 N [LSF] 97 2 4p.5s 
3
P
o
    0  
4s.6p 
3
P
o
 2 411295 N [LSF] 96 3 4p.5s 
3
P
o
    -90  
4s.6p 
1
P
o
 1 427692.8 N [LSF] 67 30 4p.5s 
1
P
o
    0  
4s.5f 
3
F
o
 2 428046 N [LSF] 99 
   
   -32  
4s.5f 
3
F
o
 3 428087.6 N 4.2 99 
   
   -7 1 
4s.5f 
3
F
o
 4 428155.4 N 2.3 99 
   
   39 1 
4s.5f 
1
F
o
 3 434038.9 N 1.8 90 7 4p.4d 
1
F
o
    0 2 
a
 Symbols next to the energy value have the following meaning: C – previous tentative identification has been confirmed here; N – new identification; R – previous 
value and/or interpretation has been revised here. Values in [ ] are observed energy level found with lines which are blended and therefore, not used in level 
optimization but included in the LSF parametric calculations.  
b 
Uncertainties resulting from the level optimization procedure are given on the level of one standard deviation. They correspond to uncertainties of level separations 
from 4s4p 3P
o
1.  
c 
The first percentage value refers to the configuration and term given in the first two columns of the table. The second/third percentage value refers to the 
configuration and term given next to it. The percentage compositions were determined in this work by a parametric least-squares fitting with Cowan’s codes [8, 9] 
d 
Differences between observed energies and those calculated in the parametric least squares fitting. 
e  
Number of observed lines determining the level in the optimization procedure LOPT [11]. 
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Table 6-3: LSF parameters (cm
−1
) for Se V 
Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
Even Parity 
b
  
4s
2
 Eav 6793.4 
 
982 7325 0.927427 
4p
2
 Eav 222828 
 
793 220752.7 1.009401 
 
F
2
(4p,4p) 51312 
 
961 58915.6 0.870941 
 
 (4p) 3414 
 
214 3044.8 1.121256 
4s.5s Eav 291258 
 
269 288243.9 1.010457 
 
G
0
(4s,5s) 4698 
 
241 5159.2 0.910606 
4s.6s Eav 397395.7 
 
240 395237.1 1.005462 
  G
0
(4s,6s) 1447.3 
 
fixed 1702.7 0.850003 
4s.7s Eav 446255 
 
fixed 446255 1
 c
 
  G
0
(4s,7s) 677.7 
 
fixed 797.3 0.849994 
4s.8s Eav 474751.9 
 
fixed 474751.9 1
 c
 
  G
0
(4s,8s) 378.5 
 
fixed 445.3 0.849989 
4s.4d Eav 262576.4 
 
593 259068.2 1.013542
 
 
   (4d) 179.6 
 
fixed 179.6 1 
  G
2
(4s,4d) 32336 2 5563 37275.2 0.867494 
4s.5d Eav 385808.9 
 
177 383908.4 1.00495 
   (5d) 77.5 
 
fixed 77.5 1 
  G
2
(4s,5d) 7945 2 1367 9158.6 0.867491 
4s.6d Eav 440578.6 
 
fixed 440578.6 1
 c
 
 
F
2
(5p,5p) 25176 
 
fixed 29618.8 0.850001 
 
 (5p) 1136.6 
 
fixed 1136.6 1 
4s
2
-4p
2
 RD
1
(4s,4s,4p,4p) 64184.4 5 5299 78574.9 0.816856 
4s
2
-4s.5s RD
0
(4s,4s,4s,5s) 3417.5 5 282 4183.8 0.816848 
4p
2
-4s.5s RD
1
(4p,4p,4s,5s) 1246.7 5 103 1526.2 0.816847 
4p
2
-4s.6s RD
1
(4p,4p,4s,6s) -294 5 -24 -359.9 0.816934 
4p
2
-4s.7s RD
1
(4p,4p,4s,7s) -522.6 
 
fixed -614.8 0.85 
4p
2
-4s.8s RD
1
(4p,4p,4s,8s) -507.4 
 
fixed -596.9 0.85 
4p
2
-4s.4d RD
1
(4p,4p,4s,4d) 52166.6 5 4307 63862.7 0.816855 
4p
2
-4s.5d RD
1
(4p,4p,4s,5d) 21979.7 5 1815 26907.6 0.816857 
4s.5s-4s.6s RD
0
(4s,5s,4s,6s) 1192.3 5 98 1459.6 0.816841 
  RE
0
(4s,5s,4s,6s) 2384.6 5 197 2919.3 0.816841 
4s.4d-4s.5d RD
0
(4s,4d,4s,5d) 1426.4 5 118 1746.2 0.816843 
 
RE
2
(4s,4d,4s,5d) 14194.7 5 1172 17377.3 0.816853 
Odd Parity
b
  
4s.4p Eav 102532.2 
 
123 102532.2 1 
 
 (4p) 3049.5 3 102 3049.5 1 
 
G
1
(4s,4p) 66805.5 4 434 78594.7 0.85 
4s.5p Eav 327148.5 
 
110 327148.5 1 
 
 (5p) 1001.3 3 33 1001.3 1 
 
G
1
(4s,5p) 7152.2 4 47 8414.4 0.849995 
4s.6p Eav 413033.7 
 
170 413033.7 1 
 
 (6p) 465.6 3 16 465.6 1 
 
G
1
(4s,6p) 2549.6 4 17 2999.5 0.850008 
4s.7p Eav 455903.7 
 
fixed 455903.7 1
 c
 
 
 (7p) 256.1 
 
fixed 256.1 1 
 
G
1
(4s,7p) 1247.6 
 
fixed 1467.8 0.84998
 
 
4s.8p Eav 480574.4 
 
fixed 480574.4 1
 c
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Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
 
 (8p) 156 
 
fixed 156 1 
 
G
1
(4s,8p) 713.6 
 
fixed 839.5 0.85003 
4s.4f Eav 364946.2 
 
217 364946.2 1
 
 
 
 (4f) 2.4 
 
fixed 2.4 1 
 
G3(4s,4f) 10449.1 
 
2406 12293.1 0.849997 
4s.5f Eav 430180 
 
115 430180 1 
 
 (5f) 1.3 
 
fixed 1.3 1 
 
G3(4s,5f) 5265.8 
 
998 6195.1 0.849994 
4s.6f Eav 465157.5 
 
fixed 465157.5 1
 c
 
4s.7f Eav 486152.3 
 
fixed 486152.3 1
 c
 
4s.8f Eav 499727.7 
 
fixed 499727.7 1
 c
 
4p.4d Eav 370032.4 
 
94 370032.4 1 
 
 (4p) 3164.7 3 105 3164.7 1 
 
 (4d) 186.7 
 
fixed 186.7 1 
 
F
2
(4p,4d) 39881.1 
 
591 46918.9 0.85 
 
G
1
(4p,4d) 47809.3 
 
745 56246.2 0.85 
 
G3(4p,4d) 29740.4 
 
556 34988.7 0.85
 
 
4p.5d Eav 497978 
 
fixed 497978 1
 c
 
4p.6d Eav 555470.7 
 
fixed 555470.7 1
 c
 
4p.7d Eav 586618.5 
 
fixed 586618.5 1
 c
 
4p.8d Eav 605515.1 
 
fixed 605515.1 1
 c
 
4p.5s Eav 403255.4 
 
546 403255.4 1 
 
 (4p) 3293.4 3 110 3293.4 1 
 
G
3
(4p,5s) 6431.4 
 
3181 7566.4 .85 
4p.6s Eav 510404.2 
 
fixed 510404.2 1
 c
 
4p.7s Eav 561572.3 
 
fixed 561572.3 1
 c
 
4p.8s Eav 590130 
 
fixed 590130 1
 c
 
4p.5g Eav 547615.9 
 
fixed 547615.9 1
 c
 
4p.6g Eav 581947.8 
 
fixed 581947.8 1
 c
 
4p.7g Eav 602502.4 
 
fixed 602502.4 1
 c
 
4p.8g Eav 615806.9 
 
fixed 615806.9 1
 c
 
3d
9
.4s
2
.4f Eav 777680.9 
 
fixed 777680.9 1
 c
 
3d
9
.4s
2
.4p Eav 488918 
 
fixed 488918 1
 c
 
4f.4d Eav 638542.9 
 
fixed 638542.9 1
 c
 
4s.4p-4s.5p RD
0
(4s,4p,4s,5p) 2879.3 5 39 3387.4 0.85 
  RE
1
(4s,4p,4s,5p) 16881.6 5 228 19860.7 0.85 
4s.4p-4s.6p RD
0
(4s,4p,4s,6p) 1496.6 5 20 1760.7 0.85 
  RE
1
(4s,4p,4s,6p) 8706.9 5 117 10243.4 0.85 
4s.4p-4p.4d RD
1
(4s,4p,4p,4d) 55244.5 5 745 64993.5 0.85 
  RE
2
(4s,4p,4p,4d) 40490.6 5 546 47636 0.85 
4s.4p-4p.5s RD
1
(4s,4p,4p,5s) 2421.7 5 33 2849.1 0.85 
  RE
1
(4s,5p,4s,6p) 4197.3 5 57 4938 0.85 
4s.5p-4p.4d RD
1
(4s,5p,4p,4d) -1837.8 5 -25 -2162.1 0.85 
  RE
2
(4s,5p,4p,4d) 6358.5 5 86 7480.6 0.85 
4s.5p-4p.5s RD
1
(4s,5p,4p,5s) 28889.5 5 390 33987.6 0.85 
  RE
0
(4s,5p,4p,5s) 4625.2 5 62 5441.4 0.85 
4s.6p-4p.4d RD
1
(4s,6p,4p,4d) -1490.1 5 -20 -1753.1 0.85 
  RE
2
(4s,6p,4p,4d) 2475.6 5 33 2912.5 0.85 
4s.6p-4p.5s RD
1
(4s,6p,4p,5s) 13145.7 5 177 15465.5 0.85 
  RE
0
(4s,6p,4p,5s) 2714.1 5 37 3193.1 0.85 
  RE3(4s,4f,4s,5f) 7313.9 5 99 8604.6 0.85 
Chapter -6 
185 
 
Configuration Parameter LSF Group
 a
 STD HFR LSF/HFR 
4s.4f-4p.4d RD
1
(4s,4f,4p,4d) 38018.3 5 513 44727.4 0.85 
  RE
2
(4s,4f,4p,4d) 22364.3 5 302 26310.9 0.85 
4s.5f-4p.4d RD
1
(4s,5f,4p,4d) 21278.5 5 287 25033.5 0.85 
  RE
2
(4s,5f,4p,4d) 15062.7 5 203 17720.8 0.85 
4p.4d-4p.5s RD
2
(4p,4d,4p,5s) -8098.3 5 -109 -9527.4 0.85 
 
RE
1
(4p,4d,4p,5s) -1646.2 5 -22 -1936.7 0.85 
a 
Parameters in each  numbered group were linked together with their ratio fixed at the Hartree-Fock 
level. 
b 
All configuration-interaction parameters R
k
 for the odd and even parity configurations were fixed at 
85 % of the Hartree-Fock value. 
c 
These highly excited configurations are unknown experimentally. They were included in the 
calculations in order to account for their interaction with other configurations studied in this work. 
Except for the average energies Eav given here, the other parameters F
k
 and G
k 
were fixed at 85 % 
whereas R
k
 at 85 % of the Hartree-Fock values Spin orbit interaction integral were fixed at 100 % of 
HFR.  
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Chapter 7  
Electron Impact Excitation of Si IX 
This chapter deals with the physics that provide the elaborate relativistic 
atomic calculations of radiative and collisional processes using the Briet-Pauli R-
Matrix method (BPRM). A brief description of close-coupling (CC) approximation 
followed by R-matrix method, which is efficient in implementing the CC 
approximation are given. Also, the R-Matrix codes are explained in brief. The 
calculation of atomic parameters viz., energy levels, transition wavelength, transition 
probability, oscillator strength, line strength  under LS or the BP (intermediate 
coupling) are based on accurate configuration interaction representation of the N-
electron target states and is achieved using atomic structure code namely 
SUPERSTRUCTURE. The energy states, transition wavelength, electron impact 
excitation collision strengths and rate coefficients for transitions between the fine-
structure levels of the 2s
2
2p
2
, 2s2p
3
, 2p
4
, 2s
2
2p3s, 2s
2
2p3p, and 2s
2
2p3d 
configurations in Si IX are presented. The fine structure collision strength has been 
calculated at very fine energy mesh using relativistic effects in Breit-Pauli R-matrix 
method. Maxwellian averaged collision strengths have been tabulated for all possible 
transitions among all 46 energy levels belonging to above mentioned configurations. 
The dipole radiative line strengths are also calculated which were needed for the 
Coulomb-Bethe approximation which estimates the contributions to the collision 
strengths from large values of the impact electron's orbital angular momentum. We 
made comparisons of our results with the previously reported results in the literature 
and found significant differences in low the temperature range (Te < 10
6
 K) for few of 
the transitions. The correction to the previous reported values results due to more 
extensive expansion for Si IX target states.  Radiative and electron impact excitation 
of Si IX were carried out with fully resolved near-threshold resonances at very low 
energies.  
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INTRODUCTION 
The atomic processes in astrophysical and laboratory plasmas involve ekectron-
ion-photon. The two main atomic processes which give rise to the line spectra are 
radiative and collisional. The former one is due to the interaction of atoms/ions with 
the photon while the latter arises due to the collision between an atom/ion with an 
electron. The dominant atomic processes in plasmas are: 
(i) Photoionization (PI) and radiative recombination (RR) 
               
          7-1 
(i) Electron impact excitation (EIE)     7-2 
    
       
             7-3 
(ii) Dielectronic recombination (DR) 
    
      
     
 
  
     
       7-4 
(iii) Autoionization 
    
      
     
 
  
                7-5 
Here Xi
 
refers to an initial state Xj refers to the final state; n is the number of 
electron in a target ion.  
The fundamental data needed to calculate are broadly classified into category 
and are one particle data (energy level and radiative transition data) and multiple 
(usually two) particle data (collision cross section). The one particle data are simpler 
as it involve only N-electron bound system whereas the latter comprise the (N+1) 
electron target plus projectile system, which can have a continuum of energies and 
angular momentum and can also include resonant state. The wavefunction of N-
electron target are used as the starting point for the collisional problem and therefore 
these two are interlinked together. The main focus of this chapter is on electron 
impact excitation. The electron impact information can be quantified in several ways, 
and most often presented as cross section σif(ϵ). However, the most convenient way to 
express σif(ϵ) for a transition from initial state i to final state j in terms of a 
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dimensionless quantity called collision strength ij(ϵ), which is symmetric between 
the initial and final state (ij=ji). Therefore, we can express the inelastic EIE cross 
section for the excitation from level I to j, in units of the hydrogen atom cross section 
in the first Bohr radius as: 
       
   
 
    
     ϵ        7-6 
         is the statistical weight of the initial level,    
 =8.797x10-
17
 cm
2
 and 
E=  
  is the energy of the incident electron in Rydberg (1Ryd=13.61 eV). The 
electron distribution in astrophysical plasma has a Maxwellian energy distribution, 
characterized by the kinetic temperature Te (or simply T from now onwards). The 
collision strength is computationally more convenient, the equivalent quantity of 
interest is the Maxwellian averaged collision strength Since the calculation of 
collision strength is more computationally feasible,, also known as effective collision 
strength (   defined as:   
             
            
 
 
     7-7 
The excitation rate coefficient     or the number of excitation per unit volume 
per second is defined as: 
    
          
   
    
                       7-8 
where T in K and     =      in Rydberg (1/kT) 
From detailed balance, the de-excitation rate coefficient         is given by 
       
  
  
               7-9 
From equation 7.7 and 7.9 it is evident that the energy dependence of the 
collision strength (cross section) introduces temperature dependence in the rate 
coefficient, therefore it is necessary to compute the collision strength with accurate 
resonances.  
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In this chapter (under OBAM-SINGH STEM-ER program, all the atomic 
processes were calculated using R-matrix (RM) method within the framework of the 
close coupling approximation.  
Electron Impact Excitation Collision Strength of Si IX 
The high resolution spectra in the region of ultra violet, extreme ultra violet, 
and X ray have been observed by many space missions such as SOHO, Chadra and X 
M M-Newton and due to highly charged ions of silicon (Si VII-Si XIV). Si IX 
belongs to C-like isoelectronic sequence with 2s
2
2p
2
 as ground configuration.  The 
ions belonging to this sequence is of great importance for the modelling of 
astrophysical and laboratory plasmas of high temperature. Literature contains many 
theoretical calculations for Si IX and is being used extensively for astrophysical 
modelling codes, but data are limited to low lying energy levels and not supported 
with the best available theoretical atomic codes. Aggarwal [1] reported the lowest 46 
levels and also the radiative rates among these 46 levels.  
 In the present work we aim to perform the extensive calculation for Si IX to 
compute the collision strength using Close Coupling Briet Pauli R matrix method.  
Coupled Channel Approximation and the R-Matrix Codes are use to solve the (e+ion) 
problem for that we compute ion wavefunctions first, independently using 
Superstructure atomic structure code.  The coupled-channel (CC) approximation 
couples the free electron and ion wavefunctions. R-Matrix method is the most 
efficient for most atomic processes in plasmas.  
 The energy level structure is shown in Figure 7-1, where energies of the 
configurations are shown in Rydberg unit.  
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7-1 Energy level structure of Si IX 
The Close Coupling theory and the R-Matrix method 
In collisional work, the wavefunction of wave function solution to the 
Schrodinger equation for a system with (N+1) electrons describing the interaction of a 
free electron with what is called the target (a nucleus with N electrons). The eigen 
states solutions of this equation, are usually developed in terms of the target and 
colliding electron wave functions.  
Relativistic atomic structure calculations electric dipole (E1), magnetic 
quadrupole (M1), electric quadrupole (E2) and magnetic dipole (M1) transitions 
transition probabilities amongst the first 46 fine-structure levels of Si IX, dominated 
by configurations 1s
2
, 2s
2
2p
2
, 2s2p
3
, 2p
4
, 2s
2
2p3s, 2s
2
2p3p and 2s
2
2p3d are carried 
out using the Briet-Pauli version of SUPERSTRUCTURE code. The accuracies of the 
transition probability are improved with the help of experimental energy level values 
accuracies are being improved. Collision strengths for transitions among the 
energetically lowest 46 fine-structure levels belonging to the 1s
2
, 2s
2
2p
2
, 2s2p
3
, 2p
4
, 
2s
2
2p3s, 2s
2
2p3p and 2s
2
2p3d configurations of Si IX are computed, using the Briet 
Pauli R-matrix, by ensuring the convergence of collision strengths with respect to 
partial wave (PW) and energy resolutions. The total (e+ion) symmetries up to 
0
2
4
6
16
E
(R
y
d
)
2p3d
2p3p
2p3s
2s2p
3
2p
4
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2
2p
2
3
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 & 
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Energy Level Diagram: Si IX
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(LS)Jwith J  19.5 and both even and odd parities were included in the calculations. 
The energy meshes    10-1 Rydberg to resolve the near threshold resonances. The 
reason for such a finer mesh was to delineate the resonances before doing the 
Maxwellian distribution. The results are compared with those available in the 
literature, and the accuracy of the data is assessed. 
Our target configuration interaction (CI) is based on the configurations for: 
 [1s
2
2s
2
 {2p
2
 +2p3s+2p3p+2p3d+3s
2
 + 3p
2
+3d
2
+ 3s3p+3s3d+3p3d)} + 2p
4
] and  
1s
2
{2s2p
3
, 2s2p
2
 (3s+3p+3d), 2s2p
2
3s, 2s3p
2
3d , 2s2p
2
3p}  
The system of (N+1) e- system:] constitute 35 set of configurations and all with 
(n≤3).  
Results and Discussion 
We computed the atomic data using Superstructure code and compared our 
calculated energy level value for all the 46 energy levels in Si IX with NIST data 
based on experimental observation. We found excellent agreement with the NIST data 
and given in table 7-1 
Table 7-1 Energy Levels: Si IX Methods: SS, Observation, CIV3, GRASP, FAC  
 
K 
 
 
TERM 
 
 
2J 
 
 
SS_TWa 
 
 
Obs (NIST) 
 
CIV3 
 
 
GRASP 
 
 
FAC 
 
1  2s22p2 3P  0  0  0  0  0  0 
2  2s22p2 3P  2  0.023309  0.02319  0.02263  0.02354  0.0226 
3  2s22p2 3P  4  0.061509  0.05845  0.05746  0.05948  0.057 
4  2s22p2 1D  4  0.511867  0.4823  0.51095  0.50293  0.5081 
5  2s22p2 1S  0  0.997736  0.98234  1.05004  0.9474  0.9949 
6  2s2p3 5So  4  1.300866  1.37392  1.34161  1.26138  1.3025 
9  2s2p3 3Do  6  2.691213  2.66301  2.68668  2.6272  2.6893 
7  2s2p3 3Do  4  2.68839  2.6636  2.68709  2.68307  2.6898 
8  2s2p3 3Do  2  2.688664  2.66492  2.68809  2.68432  2.6909 
11  2s2p3 3Po  2  3.163955  3.13484  3.18046  3.14684  3.1668 
10  2s2p3 3Po  0  3.162863  3.13544  3.18088  3.14692  3.1678 
12  2s2p3 3Po  4  3.166074  3.13583  3.18169  3.14831  3.1668 
13  2s2p3 1Do  4  4.114764  4.01325  4.07402  4.15319  4.1204 
14  2s2p3 3So  2  4.150854  4.07284  4.11901  4.19633  4.1651 
15  sp3 1Po  2  4.592681  4.49031  4.57595  4.61718  4.6007 
16  2p4 3P  4  6.226419  6.1489  6.25447  6.26024  6.2336 
17  2p4 3P  2  6.266959  6.19024  6.29498  6.3003  6.2752 
18  2p4 3P  0  6.284016  6.20645  6.31109  6.3164  6.2887 
19  2p4 1D  4  6.682298  6.55659  6.67686  6.741  6.6892 
20  2p4 1S  0  7.628083  7.46956  7.65515  7.68354  7.6367 
21  2s22p3s 3Po  0  14.91561   14.84248   14.7296 
Chapter -7  
 
192 
 
22  2s22p3s 3Po  2  14.93109  14.79333  14.85735   14.7453 
23  2s22p3s 3Po  4  14.97479  14.83999  14.90037   14.7911 
24  2s22p3s 1Po  2  15.11843  14.95253  15.03704   14.9307 
26  2s22p3p 1P  2  15.65574   15.47894   15.4136 
25  2s22p3p 3D  2  15.59079   15.54815   15.4788 
27  2s22p3p 3D  4  15.67076   15.56356   15.4937 
28  2s22p3p 3D  6  15.70889   15.60144   15.5333 
29  2s22p3p 3S  2  15.77913   15.67337   15.6022 
30  2s22p3p 3P  0  15.82834   15.72133   15.655 
31  2s22p3p 3P  2  15.84754   15.74048   15.6751 
32  2s22p3p 3P  4  15.86729   15.75863   15.6944 
33  2s22p3p 1D  4  16.11469   15.9934   15.9415 
34  2s22p3p 1S  0  16.39152   16.25633   16.2121 
35  2s22p3d 3Fo  4  16.50226   16.3183   16.285 
36  2s22p3d 3Fo  6  16.53257   16.35054   16.3207 
37  2s22p3d 1Do  4  16.54439  16.34859  16.35707   16.3352 
38  2s22p3d 3Fo  8  16.56345   16.38067   16.3492 
39  2s22p3d 3Do  2  16.67499  16.47717  16.50163   16.4629 
40  2s22p3d 3Do  4  16.6818  16.48519  16.50751   16.4748 
41  2s22p3d 3Do  6  16.70243  16.50697  16.52823   16.4939 
42  2s22p3d 3Po  4  16.7359  16.54542  16.55951   16.529 
43  2s22p3d 3Po  2  16.74511  16.55681  16.56915   16.5404 
44  2s22p3d 3Po  0  16.74984  16.56347  16.57455   16.547 
45  2s22p3d 1Po  2  16.95658  16.75419  16.79848   16.7542 
46  2s22p3d 1Fo  6  16.97355  16.74709  16.80243   16.7471 
 
a
: the energy values are from this work (TW) calculated with SUPERSTRUCTURE 
Collision Strength and Effective Collision Strengths 
The collision strengths for all the transitions are computed rate coefficients are 
computed and an extensive comparison with other available data were compared. The 
effective collision strengths or rate coefficients are computed by convolving the 
collision strengths over a Maxwellian function at a given electron temperature Te as 
defined in equation 7.8.   
Collision strengths for Si IX were calculated previously by Honglin using 
distorted wave approximation [2] for transitions between all n = configurations. 
Aggarwal [1] calculated collision strength using R matrix only for the transitions 
within levels of 2s
2
2p
2 
configuration. Their results are most accurate one but he did 
not try to resolve the resonance structure at low energy range, which therefore 
resulted in underestimated Maxwellian averaged collision strengths. Another 
calculation by Aggarwal and Kingston [3] for optically allowed transitions in Si IX 
using R matrix method to include all partial waves and they used JAJOM program to 
transform to LS coupling scheme from intermediate coupling. The most recent work 
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is due to Liang, Gang and Zeng [4] for calculation of electron impact collision 
strengths in Si IX for 560 levels using Flexible Atomic Code. They calculated the 
collision strength at 10 scattered electron energies; namely 10, 50, 100, 200, 400, 600, 
800, 1000, 1500 and 2000 eV and obtained the Maxwellian averaged collision 
strengths on temperature grid of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 MK. Therefore, our 
aim of the present calculation for collision strength is to resolve completely the 
resonance structure in near threshold using BPRM suing high partial wave and fine 
energy mesh. Maxwellian averaged collision (left panel) and collision strength (right 
panel) for the transitions within ground configuration (2s
2
2p
2
) are shown below and 
compared with the available other results.  
Figure 7.3 Left panel show the collision strength and right panel is for 
Maxwellian averaged collision strengths.  
In the figure below all the results from the present calculation are shown with 
Red color and marked as TW (This Work) inside the figure. Liang- calculated using 
FAC code, KMA- R-matrix; BD-HN-present calculation using BPRM; A&K-R-
matrix without relativistic effect by Aggarwal and Kigston [3].  
 
Figure 7-2 Total Collision strength ( ) and Maxwellian averaged effective Collision 
Strength ϒ(Te) for the transitions 2s22p2(3P0)-2s
2
2p
2
(
3
P1).  
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Figure 7-3 Total Collision strength ( ) and Maxwellian averaged effective Collision 
Strength ϒ(Te) for the transitions 2s22p2(3P1)-2s2p
3
(
5
S2).  
 
Figure 7-4 Total Collision strength ( ) and Maxwellian averaged effective Collision 
Strength ϒ(Te) for the transitions 2s22p2(3P1)-2s
2
2p
2
(
3
P2). 
 
 
 
 
 
Figure 7-5Total Collision Strength ( ) for dipole allowed (E1) transitions with top-up 
using Coulomb Bethe(CBe) approximation { (E)=a ln (E)}. 
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Figure 7-6 Total Collision Strength and Maxwellian average collision strength for E1-
Transition (s
2
p
2
-sp
3
)
3
P1-
3
D
o
1 
 
From all the above plots, it is visible that due to the resonance structure at near 
threshold affect the Maxwellian averaged collision strength. Therefore the present 
calculation enables us to resolve all the resonance structure at low energy region, 
resulting in few order of difference in Maxwellian average collision strength at 
temperature of one million, a typical coronal temperature.  
The 2.5/3.9 {2s
2
2p
2
 (
3
P0-
3
P1)/2s
2
2p
2
 (
3
P1-
3
P2)} emissivity ratio and observations 
Owing to small differences in excitation energies, the fine-structure line ratios 
due to transitions within the ground state levels 
3
P0,1,2 are not highly temperature 
sensitive but sensitive to the density this emissivity ratio is highly density sensitive. 
The transition 2s
2
2p
2
 (
3
P0-
3
P1) at 3.9 m and 2s
2
2p
2
 (
3
P1-
3
P2) at 2.5 m are highly 
density sensitive and ae useful for the density diagnostics. We also calculated the line 
ratio for these two coronal lines and Figure 7-7 show the ratio of these two lines at 
varying density as a function of temperature.  
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Figure 7-8 Si IX Line Ratio vs. Electron Density Line ratio for forbidden transition 
2s
2
2p
2
 (
3
P0-
3
P1) at 3.9 m and 2s
2
2p
2
 (
3
P1-
3
P2) at 2.5 m.  
Conclusion 
New calculations for Si IX collision strengths are reported with the inclusion 
of relativistic and resonance effect at low energies affecting the low temperature rate 
coefficients. This calculation provided the most precise well resolved near threshold 
resonance structure, which in turn affects the 2.5/3.9 mm line emissivity.  
  
6 8 10
0
1
2
3
4
5
6
7
8
T
=
5
*1
0
5  K
T=
10
5  K
T
=
1
0
6  K
 
 
(2
.5
/3
.9
)
m
L o g  N
e 
(c m
-3
)
 (T=10
4
K)
 (T=10
5
K)
 (T=5*10
5
K)
 (T=10
6
K)
T=10
4
 K
Chapter -7  
197 
 
Bibliography 
[1]  K. M. Aggarwal, J. Phys. B: At. Mol. Phy. , vol. 16, p. 59, 1983.  
[2]  Z. Honglin and H. S. Douglas, At. Data & Nuc. Data Tables, vol. 63, p. 275, 1996.  
[3]  K. M. Aggarwal and A. E. Kingston, Astron. Astrophys. , vol. 162, p. 333, 1986.  
[4]  G. Liang, G. Zhao and J. Zeng, At. data & Nuc Data Tables, vol. 93, p. 375, 2007.  
 
 
 
Conclusion 
 
198 
 
Conclusion 
The aim of the present work is to provide the most extensive and comprehensive analysis 
of four ions of selenium (Se II-V) using new measurements on variety of spectrographs 
and spectrometers. The spectra used in the present work were recorded on 3-m normal 
incidence vacuum spectrograph (350-2400 Å) and high resolution spectra were recorded 
on NIST 10.7-m spectrograph (350-850 Å), NIST FT700 (2400-9000 Å) and 2-m Fourier 
transform spectrometer (7000-15000 Å). The sources used were triggered spark for 
grating spectrograph and high current hollow cathode lamps for Fourier transform 
spectrometers. Additional spectral data were supplemented from Simon George thesis 
which covers the wavelength range from 400-10000 Å. Atomic structure calculations for 
all the four ions (Se II-V) were made individually with the Cowan's code package using 
an extended set of interacting configurations. All the theoretical description about 
Hartree-Fock calculations and Cowan code program are given briefly in Chapter 1. The 
instrumentation (spectrograph/spectrometer, light source, detecting system, etc) and the 
experimental details along with the method of wavelength calibration for both the data 
from grating spectrograph and Fourier transform spectrometer and ionization separation 
is described in Chapter 2. 
The comprehensive spectral studies of singly ionized selenium (Se II), doubly 
ionized selenium (Se III), trebly ionized selenium (Se IV), and four times ionized 
selenium (Se V) are presented in Chapters 3-6 respectively.  In Chapter 3, we reported 
new measurements of doubly ionised selenium, a member of iron group element detected 
in nearly twice as many planetary nebulae as any other trans-iron element. The work on 
Se II is being extended with the new FTS measurements covering the UV, visible and IR 
region that are now being analysed. From our investigation, we found serious 
irregularities in the published results. This spectrum was thus investigated 
comprehensively with the help of Relativistic Hartree-Fock calculations. Our 
investigation was based on the study of transitions from ground configuration (4s
2
4p
3
) to 
the five excited configurations namely 4s
2
4p
2
(4d+5d+5s+6s)+4s4p
4
. . Among earlier 
reported levels, thirty two were designated simply by numbers (1, 2, 3,….32) and 
corresponding J values among both parities, we assigned new designations to 19 levels 
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including the change of J values for 6 levels. A case of strong configuration interaction 
was noticed between the configurations 4s4p
4
, 4s
2
4p
2
4d, 4s44p
2
5d, 4s
2
4p
2
5s and 
4s
2
4p
2
6s. Chapter 4 includes the analysis of doubly ionized selenium (Se III). In this 
spectrum, we confirmed four levels of the ground configuration 4s
2
4p
2
 but revised 4s
2
4p
2 
1
S0 reported at NIST ASD website. Among the excited configurations, we could 
confirmed 40 energy levels from 4s4p
3
+4s
2
4p [4d+5d+5s+6s+5p] configurations. The 
ionization potential of Se III was determined using Ritz extrapolation with three member 
and four member 4p(ns+nd) series and was found to be 255670±150 cm
-1 
(31.696±0.018eV).The transition probabilities (gA) and weighted oscillator strength 
(logf) as obtained with final least squares fitted energy parameters were also reported. 
Spectroscopic interpretations of the trebly ionized selenium (Se IV) are given in Chapter 
5. In our HF calculations we included all possibly interacting configurations 4s
2
np (n=4-
7), 4s
2
nf (n=4-7), 4p
3
, 4s4p(4d+5d+5s+6s) and other interacting configurations of  odd 
parity matrix and 4s
2
nd (n=4-7), 4s
2
ns (n=5-8), 4s
2
ng (n=5-8) + xxx configurations  for 
even parity system. All the levels belonging to 4s4pnd (n=4,5)  and 4s4pns (n=5,6)  in 
three electron system and 4s
2
6f, 4s
2
7p configurations in one-electron part have been 
analyzed for the first time. Chapter 6 describes the spectrum of four times ionized 
selenium (Se V). A new set of energy level values were derived from our accurate 
wavelengths.  A total of 77 levels belonging to both parities were experimentally 
observed. The calculated transition probabilities (gA) of each transition were also given. 
Chapter 7 deals with deals with the physics that provide the elaborate relativistic atomic 
calculations of radiative and collisional processes using the Briet-Pauli R-Matrix method 
(BPRM). A brief description of close-coupling (CC) approximation followed by R-matrix 
method, which is efficient in implement We made comparisons of our results with the 
previously reported results in the literature and found significant differences in low 
temperature range (Te < 10
6
 K) for few of the transitions. The correction to the previous 
reported values results due to more extensive expansion for Si IX target states.  Radiative 
and electron impact excitation of Si IX were carried out with fully resolved near-
threshold resonances at very low energies. The Si IX forbidden transitions 2s
2
2p
2
 (
3
P0-
3
P1) at 3.9 m and 2s
2
2p
2
 (
3
P1-
3
P2) 2.5 m are coronal lines and used for density 
diagnostics.   
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Abstract
The spectrum of selenium was recorded on a 3 m normal incidence vacuum spectrograph of
the Antigonish laboratory (Canada) in the wavelength region 300–2080 Å using a triggered
spark source. The theoretical structure of doubly ionized selenium (Se III) was predicted by
Cowan’s multi-configuration interaction code. The ground configuration of Se III is 4s24p2
and the excited configurations are of the type 4s24pnd (n > 4), 4s24pns (n > 5) and the inner
shell excitation gives rise to the 4s4p3 configuration. The 4s24p2 − [4s4p3 + 4s24p(4d +
5d + 6d + 7d + 5s + 6s + 7s + 8s)] transition array has been analyzed. Several earlier reported
levels have been revised and four new configurations have been added. All the levels of these
configurations have been established. More than 180 spectral lines have been identified in this
spectrum. A total of 75 energy levels belonging to the above-mentioned configurations have
been established. Least-squares fitted parametric and Hartree–Fock calculations were used to
interpret the observed spectrum. Excellent agreement with theoretical calculations was
noticed. The standard deviation of least-squares fit is only 110 cm−1. The ionization potential
of Se III was found to be 255 650± 150 cm−1 (31.696± 0.018 eV). The accuracy of our
wavelengths for sharp lines is better than ±0.005 Å.
PACS numbers: 32.30.Jc, 32.10.−f, 32.30.−r, 32.70.Cs, 32.10.Hq
1. Introduction
The doubly ionized selenium atom has ground configuration
4s24p2 and the excited configurations are 4s4p3, 4s24pnd
(n > 4) and 4s24pns (n > 5). Recently, we revised and
extended the analysis of Br IV [1], which is the neighbouring
isoelectronic member of Se III. It was noticed that most of
the earlier reported works were not supported by any reliable
theoretical calculations and have been found erroneous and
are therefore revised. Since the Se III spectrum was also
reported long ago without any reliable theoretical support,
it was therefore desirable to reinvestigate it with the help
of multi-configuration interaction relativistic Hartree–Fock
(RHF) calculations.
Regarding earlier works on Se III, the first work on this
ion was reported by Badami and Rao [2], followed by Rao
and Murti [3]. These works include four levels of the ground
configuration and a number of levels from 4s24p (4d, 5d, 5s,
6s, 5p) and 4s4p3 configurations. These data are compiled
in Atomic Energy Levels [4]. However, current data available
at the NIST website ([5] and references therein) include two
more levels, namely 1S0 of the ground configuration and one
additional level designated as X (J = 1) without assigning
any configuration. The NIST website also lists a number of
references that appeared on the Se III spectrum, including a
PhD thesis by Simon George. However, none of them had
published any new experimental energy level.
2. Experimental details
Theoretical calculations predicted that the resonance
transitions from the ground configuration to the excited
configurations lie in the vacuum ultraviolet region of
wavelengths. Therefore, the spectrum for the present work
was recorded on a 3 m normal incidence vacuum spectrograph
of the Antigonish laboratory in Canada in the wavelength
region 300–2080 Å. The spectrograph was equipped with a
concave holographic grating with surface ruling 2400 lines
per mm, giving an inverse dispersion of 1.385 Å mm−1. The
source used to excite the spectrum was a triggered spark.
The charging bank was a 14.5µF fast charging capacitor,
chargeable up to 20 kV. The selenium chunk was filled in the
cavity of Al electrodes. The charging potential was varied
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We have measured the stopping powers and straggling of fast, highly ionized atoms passing through
thin bilayer targets made up of metals and insulators. We were surprised to find that the energy losses as
well as the straggling depend on the ordering of the target and have small but significantly different values
on bilayer reversal. We ascribe this newly found difference in energy loss to the surface energy loss
field effect due to the differing surface wake fields as the beam exits the target in the two cases. This
finding is validated with experiments using several different projectiles, velocities, and bilayer targets.
Both partners of the diatomic molecular ions also display similar results. A comparison of the energy loss
results with those of previous theoretical predictions for the surface wake potential for fast ions in solids
supports the existence of a self-wake.
DOI: 10.1103/PhysRevLett.110.163203 PACS numbers: 34.35.+a, 34.20.b
Energy dissipation of fast charged particles through
matter has been a subject of great interest for 100 years
[1]. Although the energy loss mechanism in solids consists
of contributions from both the bulk as well as the surfaces
of a thin target foil [2], most studies consider only the bulk
effects because major energy loss takes place through
ionization processes in the bulk. Much smaller dissipating
channels such as excitation and charge exchange processes
can occur in both the bulk and at the surface. The energy
loss contribution from the bulk is presumed to be much
larger than that from the surface, although sometimes even
the energy loss at the front surface can supersede the bulk
energy loss for highly charged slow ions in very thin solid
foils [3].
Besides the excitation and the charge exchange pro-
cesses at the surface, three other processes can be respon-
sible for the energy loss: the ion interaction with the
surface potential barrier [4], with the image potential [5],
and with the wake potential [6]. The first process is impor-
tant only at the front surface. The second exists at both
surfaces but its magnitude is very small for ion velocities
higher than the Fermi velocity (vf) of the electrons in the
target. The third acts only at the exit surface and is signifi-
cant at high velocities. For slow grazing incidence ions
[7,8] it is not possible to segregate the surface effects from
the bulk. For experiments conducted with ions traversing a
target, the bulk energy loss will be admixed with the energy
losses at the two surfaces. Segregating the contributions of
the two surfaces from the bulk has not yet been possible.
However, many years ago, bulk wake-field-induced Stark
mixing of the sub states in H-like Kr ions [9] and recently
the surface wake field intensity [10] in carbon foils have
been measured. The latter showed that small surface wake
field can be distinguished from the large bulk energy loss
field in an atomic level lifetime measurement [10]. This
experiment in fact supports the original Bohr prediction
[11]. In this Letter, we search for the effect of the exit-
surface wake potential through direct energy loss measure-
ments. Our challenge has been to develop an energy loss
measurement technique which can distinguish the bulk and
surface energy loss contributions: we have achieved this by
the simple trick of using bilayer reversible targets.
All theoretical developments [12–15] assume that the
wake potential is caused by collective plasmon excitations
of the electronic states of the fast beam ions formed at the
exit surface of a conducting foil. Our hypothesis was that in
the case of a bilayer target (one part metallic and other part
insulating), the bulk wake will be formed equally in both
configurations, but, the surface wake will be greater for the
beam inputting on the insulator side and exiting from
the metal side of the bilayer target. Thus, the differences
in the wake fields for two different orientations could be
large enough to become measurable: the inverse geometry
with the insulator at the exit side of the target foil will not
allow much collective plasmon excitation to take place. As
a result, in one configuration the wake potential is present
and in the other it is absent, and thus the energy loss
difference between the two geometries should give a mea-
sure of both the ion energy loss and the straggling in the
surface wake potential: we have identified this as the
surface energy loss field (SELF) effect. The SELF is not
merely important in understanding ion-matter interaction
but also it finds applications in broad areas of radiation
damage, including biological systems. Aluminized
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